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eneral introduction
1 Imagine. 
A 6 year old girl needs to be operated for a cerebellar tumor. Her parents are terrified of 
losing her. What a relieve when, after surgery, she opens her eyes and asks her mother 
for some apple juice!
Unfortunately, the next day she deteriorates badly. Her eyes are not focused and her arms 
and legs fly around uncontrolled. She is whining and grumbling but unable to speak. The 
parents are desperate. What happened to their child? There is no way to communicate, 
no way to help or to comfort her. 
The girl remains unable to speak for weeks. She is being fed by a gastric tube. She will 
not laugh, nor cry. She seems withdrawn from the world.    
(And the postoperative MRI shows a clean resection cavity and doesn’t give a clue.)
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1Cerebellar mutism
The story above is taken from real life 27. It shows the devastating syndrome of cerebellar 
mutism, that may happen in up to 34% of children that are operated for a cerebellar tumor 21. 
In cerebellar mutism, the absence of speech is frequently accompanied by emotional lability, 
oropharyngeal dysfunction and cognitive disturbances 4. The syndrome affects not only 
the child, but essentially the whole family. 
Surgery for a cerebellar tumor in childhood in general seems to have consequences in later 
life, regardless whether or not the patient experienced cerebellar mutism. Children, operated 
for a cerebellar tumor, may experience long-term neurocognitive disturbances 1, 9, even if 
the tumor is a so-called “benign” pilocytic astrocytoma 1. Twenty-four percent of patients 
that are operated for a cerebellar tumor, need special education in later life. 1 Surgery in 
childhood is associated with a decreased speech rate in adulthood 13. 
In patients with the cerebellar mutism syndrome, the long-term effects are even worse. 
Although the cerebellar mutism syndrome used to be regarded as transient 2, 25, recent studies 
have shown that deficits in behavioral, cognitive and emotional functions frequently persist. 
It is well known that the cerebellar mutism develops into a severe dysarthria, which in many 
cases never returns back to normal 5, 8. Five years after a cerebellar tumor resection, speech 
is still significantly slower, less fluent and more dysarthric in children with the cerebellar 
mutism syndrome compared to children without 12. This may have major consequences for 
the child’s adult personal and professional life. One year after the initial diagnosis, patients 
with the cerebellar mutism syndrome show significantly more cerebellar and brain stem 
atrophy and gliosis compared with those without 28.
Goal of this thesis – the anatomical substrate of 
cerebellar mutism
The fact that cerebellar surgery can lead to deficits in the behavioral, emotional and 
cognitive spectrum is still not fully understood. Therefore, the initial goal of this thesis 
was to unravel the anatomical substrate of the cerebellar mutism syndrome. Knowledge 
on the anatomical substrate may have major consequences for the risk stratification and 
surgical treatment of cerebellar tumor patients, eventually aiming for a reduction in 
incidence of cerebellar mutism, by adjustments in the surgical approach, surgical strategy 
or surgical technique. Knowledge on the anatomical substrate may further guide studies 
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1 on the pathophysiology of cerebellar mutism, possibly leading to new insights and medical 
therapies. 
Better knowledge of the syndrome, its epidemiology, risk factors, and clinical course will 
help to inform the patient and the parents and offer the best postoperative support and 
rehabilitation.  
From survival to quality of life
The syndrome of cerebellar mutism deserves our attention for two reasons. First of all, as 
more children survive their cancer, more survivors will experience permanent complications. 
Therefore, the focus of treatment should not be on survival alone. Attention should be 
drawn to the prevention of complications, minimizing damage and improving the quality 
of life of these children. 
In The Netherlands, the incidence of invasive tumors in children (aged between 0 and 18 
years) is 450-500 yearly (Integraal Kanker Centrum Nederland; http://cijfersoverkanker.nl/
kinderen-en-kanker-55.html). At large, 30% of these tumors is located in the central nervous 
system, and 30% of all central nervous system tumors is located infratentorially 22. Surgery 
of these infratentorial tumors may cause the cerebellar mutism syndrome. 
The most malignant posterior fossa tumor in children is medulloblastoma. Survival curves 
of pediatric cancer in general, and medulloblastoma in particular, have improved drastically 
during the last decade. Five year survival of medulloblastoma is 70% for “high risk” patients 
and 85% for “standard risk” patients 15.
During the last decades there have been major advances in the oncological, as well as 
radiotherapeutic and neurosurgical field. Different combinations of chemotherapeutic 
regimens, tailored doses, stereotactic and proton beam radiotherapy have all attributed to 
better survival curves and less morbidity. The neurosurgical field has evolved greatly due 
to improvements in imaging techniques and the introduction of the microscope, ultrasonic 
aspiration, endoscopy and endovascular treatment.  
Despite these advances in the diagnosis and treatment of (pediatric) brain tumors, the 
incidence of cerebellar mutism has not changed; it rather seems to have increased 6, 18, 21, 28. 
This is not only the result of the higher number of brain tumor survivors, but it is probably 
also due to greater recognition and better diagnosis of the syndrome.   
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1Regarding the devastating effect of the cerebellar mutism syndrome and its high incidence, 
research and treatment strategies should focus on the prevention of this complication and 
the quality of life of affected children. 
Neuroscientific interest
The second reason to investigate the cerebellar mutism syndrome is of neuroscientific 
interest. The cerebellum is classically associated with the coordination of movement rather 
than language, cognitive or behavioral functions. The peculiar phenomenon of cerebellar 
mutism might shed light on the working mechanism of the cerebellum.  
Generally accepted hypothesis
Since the 1990s, several hypotheses have been proposed. The generally accepted hypothesis 
is that damage to the dentaterubrothalamic tract (or superior cerebellar peduncle), carrying 
efferent information from the cerebellum to the thalamus and cerebral cortex, is responsible 
for the development of cerebellar mutism. Damage to the dentaterubrothalamic tract may 
lead to a functional cerebello-cerebral diaschisis, resulting in cortical hypofunction in 
different areas of the cerebral hemispheres. This hypofunction may occur in motor- as 
well as non-motor areas of the brain, explaining the deficits in cognitive, emotional and 
behavioral functions besides the obvious motor deficits. 
The cerebello-cerebral circuitry and alternative hypotheses
The cerebello-cerebral circuitry consists of different fiber systems. Cerebral corticopontine 
fibers synapse with pontocerebellar fibers at the level of the pons. The pontocerebellar 
fibers travel to the cerebellar cortex through the middle cerebellar peduncle. Meanwhile, 
climbing fibers carrying sensory information from the body, enter the cerebellar cortex 
through the inferior cerebellar peduncle. After computing this input information from both 
the brain and the body, Purkinje cells send inhibitory efferents from the cerebellar cortex 
to the cerebellar nuclei. There, feedback information is calculated and projected through 
the dentaterubrothalamic tract, via the ventrolateral nucleus of the thalamus back to the 
cerebral cortex 20, 26.  
Although the dentaterubrothalamic tract is the major output tract of the cerebellum, the 
cerebello-cerebral circuitry comprises of many more white matter tracts and gray matter 
12
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1 relay stations. Damage to any of these anatomical structures may result in a functional 
disruption of the circuitry leading to supratentorial dysfunction. The anatomical substrate 
of the cerebellar mutism could thus as well be located in the pontine nuclei, the middle 
cerebellar peduncle, the Purkinje or granule cells of the cerebellar cortex or the cerebellar 
nuclei. The arguments for and against the main hypothesis as well as alternative hypotheses 
are reviewed in detail in Chapter 2. 
The dentaterubrothalamic tract
The integrity of the dentaterubrothalamic tract was investigated in a patient with cerebellar 
mutism using Diffusion Weighted Imaging (Chapter 3). This MRI technique is based on the 
diffusivity of water molecules, being larger in the direction parallel to the axons compared to 
the perpendicular direction 3. Fibre tracking algorithms use information provided by these 
directional diffusion measurements to reconstruct trajectories of fiber tracts 16. Diffusion 
parameters such as Fractional Anisotropy and Mean Diffusivity change with loss of white 
matter integrity 7. 
Based on diffusion weighted tractography, several authors demonstrated a significant 
difference in white matter integrity of the dentaterubrothalamic tract in patients with the 
posterior fossa syndrome compared to patients without 14, 17, 23. Unfortunately their studies 
had some methodological shortcomings. Study populations were small in relation to the 
high number of diffusion parameters that were tested. Further, the imaging studies were 
either done directly postoperatively, when the mutism had not yet occurred, or at long-term 
follow-up, when mutism had already resolved. The correlation that has been shown does 
not necessarily implicate a causal relationship.  
Back to basics
Before jumping to the clinical application of modern techniques in search of the anatomical 
substrate of cerebellar mutism, we should go back to basics. This regards definitions and no-
menclature, anatomical knowledge and validation and understanding of imaging techniques. 
First of all, there seems to be no consensus regarding the definitions and nomenclature of the 
cerebellar mutism syndrome 11. Whether or not long tract signs, cranial nerve deficits, bulbar 
symptoms, ataxia and behavioral and emotional disturbances are part of the syndrome is 
still a matter of debate. This is probably the reason why there are so many names for similar 
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1clinical presentations. Frequently used phrases are “transient cerebellar mutism”, “mutism 
and subsequent dysarthria”, “postoperative cerebellar mutism”, “posterior fossa syndrome”, 
and “cerebellar cognitive affective syndrome”; terminologies that have been used almost 
interchangeably in the past literature.
There is a need for clear definitions and uniform nomenclature and this was exactly the 
goal of the International Consensus Meeting that was organized by the Posterior Fossa 
Society under leadership of Thora Gudrunardottir in Iceland in June 2015. The results of 
this consensus meeting are expected to be published in spring 2016 and will be validated 
in the near future (www.posteriorfossa.org).  
Secondly, the cerebellar anatomy should be studied carefully in order to correctly interpret 
data from modern imaging techniques. Classical histological and anatomical dissection 
studies provide detailed and valuable information. Our anatomical knowledge of the 
brainstem and cerebellum goes back to the first descriptions by Stilling (1846) 24. He was 
also the first to describe the dentaterubrothalamic tract correctly and picture it in meticulous 
detail in stone lithographs of histological sections (Chapter 4). 
Third, the limitations and pittfalls of different imaging modalities should be investigated. 
Diffusion Weighted Imaging is a promising technique for the in vivo investigation of white 
matter tracts. It has been shown to be a valuable tool in neuroscience and neurosurgery 
regarding supratentorial structures 10, 19. However, the technique has never been truly 
validated. Compared to supratentorial fiber tracking, infratentorial fiber tracking is even 
more challenging due to the small infratentorial space, the closer proximity of bone-
tissue interfaces and smaller fiber tracts with more kissing and crossing fibers. Before its 
application, the accuracy of Diffusion Weighted tractography should be investigated for 
its use in the posterior fossa (Chapter 5). 
In the ideal situation, validation of diffusion weighted tractography would incorporate 
in vivo and post mortem tractography in the same specimen, with subsequently serially 
sectioning of this specimen for comparison of the white matter anatomy as depicted by 
tractography, and the “gold standard” histology. Obviously, such a validation would be 
impossible in humans. To bridge the inevitable gap between post mortem and in vivo 
studies, tractography of the cerebellar white matter fiber systems should be done in many 
subjects. This would yield information regarding the feasibility and reproducibility of 
tractography in this area of the brain, as well as the interindividual anatomical variation of 
the white matter tracts (Chapter 6). 
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1 Besides the cerebellar white matter, the cerebellar nuclei play a crucial role in cerebellar 
function and should be regarded with suspicion when it comes to the anatomical substrate of 
cerebellar mutism. As structure underlies function, thorough anatomical knowledge of the 
cerebellar nuclei is mandatory to investigate and understand their function. Unfortunately, 
the nuclei are small and harbor little contrast. Therefore they are hardly visible for the 
naked eye. Imaging of the cerebellar nuclei is also challenging. MRI sequences have 
improved largely during the last decade, but the correct identification of the individual 
nuclei is still problematic. A detailed, digital, three-dimensional atlas is developed based 
on a three-dimensional histological reconstruction of the cerebellar nuclei, aiding in the 
correct identification of the individual nuclei in the structural MRI of the same human 
brain specimen (Chapter 7). 
When deemed suitable for clinical application, diffusion weighted imaging as well as imaging 
of the cerebellar nuclei should be embedded in prospective cohort studies including pediatric 
patients that are operated for a cerebellar tumor. The first goal of this study should be to 
validate the definition of the cerebellar mutism syndrome and to identify the risk factors 
for its occurance (Chapter 8). Secondly, patients with and without the cerebellar mutism 
syndrome should be compared regarding diffusion parameters at different time intervals – 
preoperatively as well as directly postoperatively and at regular follow-up intervals. Diffusion 
measures should not only be taken in the dentaterubrothalamic tract, but also in the middle 
cerebellar peduncle, the white matter of the vermis and the corticonuclear fiber systems. 
The integrity of the cerebellar nuclei should also be investigated in high resolution, high 
quality structural images (Chapter 9). 
This thesis provides basic but crucial knowledge on the anatomy and imaging techniques of 
cerebellar white matter and cerebellar nuclei. Expanding the insights from this thesis into 
prospective clinical cohort studies may lead to the unraveling of the anatomical substrate 
of cerebellar mutism, and eventually the prevention of this syndrome. 
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Abstract
Up to 39% of children operated for a posterior fossa tumor develop the cerebellar 
mutism syndrome. Although they are alert and cooperative with normal language 
comprehension, they are unable to speak. In addition, patients may demonstrate 
apathy, bladder and bowel incontinence and long-term language and cognitive 
disturbances. This devastating syndrome is at the same time intriguing, because 
cognition and behavior have not been recognized as cerebellar functions for decades. 
However, recent investigations have led to new insights. The currently accepted 
hypothesis regarding the cerebellar mutism syndrome states that the mutism is caused 
by a hypofunction of cerebral hemispheres, due to damage to the superior cerebellar 
peduncle and functional disruption of the cerebello-cerebral circuitry. This article 
focuses on the evidence for and against this hypothesis and its clinical consequences.
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Introduction
Cerebellar mutism
The cerebellar mutism syndrome (CMS) is a peculiar clinical syndrome that may arise 
after cerebellar trauma 16, vascular injury 11 or even infection 31, 62, but is most frequently 
described in children after surgery for tumors in the posterior cranial fossa 37. Patients, 
that are otherwise alert and cooperative with normal language comprehension, are able to 
communicate by gestures but are unable to speak. 
Clinical features
Large overviews of published cases (N=283) 12 and close observations 6 show that in the 
majority of patients, the mutism arises several days after cerebellar surgery and may last for 
weeks to months 12. In some patients, it may be present before surgery in a subclinical state, 
probably caused by the tumor itself 14. Mutism is often accompanied by other symptoms 
such as apathy, emotional lability, refusal to eat, and bladder and bowel incontinence 6, 36, 47. 
Some authors therefore prefer using the term “posterior fossa syndrome” (PFS) 6, 46, 
indicating a broader syndrome. Emotional, cognitive and behavioural disturbances have 
been demonstrated in other cerebellar pathologies as well, and have been called “cerebellar 
cognitive affective syndrome” 54. Apparently, there is overlap in symptoms and nomenclature 26.
Consecutive series demonstrate PFS incidences of 26.6% and 32% in operated cerebellar 
tumor patients 6, 30 and 24% and 39% in medulloblastoma patients 51, 69. 
Long-term sequelae of posterior fossa surgery
Although cerebellar mutism was initially regarded as a transient phenomenon 2, 22, it has 
become clear that patients with severe forms of cerebellar mutism do have long-term, if 
not persistant, language and cognitive problems 1, 12, 13, 27, 57. De Smet et al 12 evaluated all 
published cases of cerebellar mutism and found that 98.8% of patients had dysarthria after 
the mute period. Moreover, Aarsen et al 1 showed that in their consecutive series of 23 
children, even several years after posterior fossa surgery dysarthria was present in 5% of 
patients and 30% had language problems. In addition, 24% needed special education. These 
children had neither radiation therapy nor chemotherapy, implicating that these impaired 
cognitive functions must be correlated to the posterior fossa surgery only. 
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Research goals
Better treatment options for brain tumors have resulted in higher survival rates and a shift 
of treatment focus to quality of life in addition to survival. The inability to speak, as well 
as cognitive and behavioural disturbances, dramatically influences the quality of life of 
both the patient and its parents. Finding the underlying pathological mechanism of the 
cerebellar mutism syndrome is the first step towards modification of surgical approaches 
and future dedicated therapies. 
For centuries, the cerebellum has been associated with nothing more than the coordination 
of movement. Only the last three decades, there has been more and more attention for 
cerebellar functions in language, cognition and behaviour 53. However the exact mechanism 
in which the cerebellum contributes to non-motor functions has not been fully elucidated 
yet. Patients with cognitive disfunction after cerebellar surgery provide valuable information 
on the working mechanism of the cerebellum. This article will focus on the currently 
generally accepted hypothesis on the anatomical substrate of cerebellar mutism and the 
evidence for and against it. 
The hypothesis
The generally accepted hypothesis is, that cerebellar mutism is actually a supratentorial 
disorder, caused by hypoactivity in the cerebral hemispheres due to disruption of the 
connection between cerebellum and cerebrum. This hypothesis is actually three-fold: 
(1) disruption of the dentaterubrothalamic tract would (2) disturb the cerebello-cerebral 
circuitry and (3) result in hypofunction of the cerebral cortical areas. The three elements 
will be explained and evaluated separately. 
The dentaterubrothalamic tract
The cerebellum is located in the posterior cranial fossa behind the brain stem. It is connected 
to the cerebrum by three cerebellar peduncles surrounding the fourth ventricle – the 
superior cerebellar peduncle (“brachium conjunctivum”), with mostly efferent fibers from 
the cerebellum to the cerebrum, the middle cerebellar peduncle (“brachium pontis”) with 
afferent fibers from the pons to the cerebellar cortex and the inferior cerebellar peduncle 
(“corpus restiforme”) with afferent fibers from olivary nucleus and medulla oblongata to 
the cerebellar cortex (Figure 2.1) 43. 
23
Hypotheses
2
Centrally in the cerebellum are four paired nuclei: the small fastigial, globose and embo-
liform nuclei and the large dentate nuclei (Figure 2.2A) 3. These nuclei function as 
relay stations and process information from the cerebellar cortex to the cerebrum. The 
main output channel from cerebellar nuclei towards the cerebrum, is constituted by the 
dentaterubrothalamic tract (DRTT). This tract, as it says, connects the dentate nucleus via 
the red nucleus and the ventrolateral nucleus of the thalamus to the cerebral cortex (Figure 
2.2B and 2.2C) 64. Damage to this output tract impedes cerebellar function and is said to 
be responsible for the cerebellar mutism syndrome 9.
Disturbance of the cerebello-cerebral circuitry
Feed forward information from the cerebral cortex about planning and initiation of (motor) 
tasks reaches the body through the thalamus, pons and spinal cord. It also reaches the 
cerebellum via pontine nuclei, that project “mossy fibers” via the middle cerebellar peduncle 
to the cerebellar cortex. At the same time, deep sensory information from the body reaches 
the cerebellar cortex through the spinal cord, medulla oblongata and the inferior cerebellar 
Figure 2.1 Superior, middle and inferior cerebellar peduncles. From: Moses, after Lewis Gray’s anatomy (1918), 
freely available 43. 
Superior peduncle
Inferior peduncle
Middle peduncle
Trigeminal nerve
Acoustic nerve
Pyramid
Olive
Inferior peduncle
24
Hypotheses
2
peduncle. Feed forward information about initiation and planning of movements and 
feedback information (sensory) from the body about how these movements are actually 
performed, is computed by the cerebellar cortex and cerebellar nuclei, resulting in feedback 
information from the cerebellum to the cerebral cortex 49. 
This cerebello-cerebral circuitry from cerebral cortex to body, body to cerebellum, and 
cerebellum to cerebral cortex is a continuous feedback system. The DRTT tract constitutes 
a major part of the circuitry, and its damage will lead to a dysfunction of the system and a 
functional separation of the cerebellum and cerebrum, better known as cerebello-cerebral 
“diaschisis” 13.
Figure 2.2 A, superior aspect of the cerebellum and its nuclei and white matter tracts after microscopic 
dissection. CR corona radiata, CN caudate nucleus, IN insula, T thalamus, PO pons, SCP superior cerebellar 
peduncle, MCP middle cerebellar peduncle, ICP inferior cerebellar peduncle, DN dentate nucleus, ZYX fastigial, 
globose and emboliform nucleus, WM white matter of the cerebellum, CC cerebellar cortex (with permission 
from Arnts et al, 2013) 3. B (coronal) and C (saggital), reconstruction of the dentaterubrothalamic tract with 
diffusion tensor tractography in a patient witch cerebellar mutism. From the dentate nucleus (DN), the tract 
runs through the superior cerebellar peduncle (SCP) to the decussation of the SCPs in the midbrain (DEC). 
There, the fibers cross the midline and course towards the contralateral ventrolateral nucleus of the thalamus 
(VL). From VL upward, connections to the premotor areas (PM) are visualized which run through the internal 
capsule and corona radiata. 
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Hypofunction of the cerebral cortical areas
Disruption of the cerebello-cerebral circuitry would deprive the cerebral cortex from 
cerebellar input and result in a cerebello-cerebral diaschisis and cerebral cortical 
hypofunction of especially prefrontal, temporal and parietal areas 40. This would explain 
not only language dysfunction, but also cognitive, emotional and behavioral disturbances. 
Evidence that supports hypothesis
Evidence that supports disruption of the dentaterubrothalamic tract
Functional anatomy has traditionally been determined by the neurological deficit caused 
by a lesion at a specific location in the brain. In this way, lesions in the vermis of the 
cerebellum and along the cerebellar output tracts have long been associated with cerebellar 
mutism 2, 9, 10, 20, 41, 66. More systematically, retrospective cohorts have been studied to identify 
risk factors for the development of cerebellar mutism, guiding theories on anatomical substrate 
and pathophysiology. Midline tumors 30, 63, larger tumors 8, 35, tumors riding higher in the 
fourth ventricle 42 and a histopathological diagnosis of medulloblastoma 8, 30, 35 have been 
identified as significant independent risk factors for the development of cerebellar mutism. 
Large midline tumors, residing in the fourth ventricle (especially the superior half) compress 
the superior cerebellar peduncles, which are located at either side in the roof of the fourth 
ventricle. Surgical manipulation, especially for larger tumors and aiming for a total resection, 
may easily damage these peduncles. 
Imaging studies have been employed to confirm clinical suspicions. Miller et al 40 suggest 
bilateral dentatethalamic tract involvement in posterior fossa syndrome based on a semi-
quantative analysis. In 11 PFS patients and 11 matched controls, one neuroradiologist 
determined a damage value of 0 to 3 for the dentate nucleus, superior cerebellar peduncle 
and pontomesencephalic tegmentum at both sides using conventional T1, T2 and diffusion 
images. Logistic regression analysis resulted in an odds ratio of 12 (p 0.04), implicating that 
postoperative damage to bilateral, instead of unilateral, efferent cerebellar pathways (from 
dentate nucleus up to mesencephalon), predicts an increased risk for the development of 
posterior fossa syndrome. 
In addition, diffusion tensor imaging (DTI) studies have demonstrated abnormalities in 
the cerebellar efferents 35, 42, 44, 56, 64. DTI is an MRI technique based on the diffusion of water 
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molecules. In cerebral white matter, diffusion is largely uni-directional because of the 
myelin sheath surrounding the axons in white matter tracts. The amount and direction of 
diffusion is calculated per voxel, and tractography algorithms are used to compute white 
matter tracts. Morris et al 42 compared 10 children and adolescents with the posterior fossa 
syndrome (including language problems, although it is unclear to what extent) to 13 without. 
Both groups were investigated after cerebellar tumor surgery. Using tract-based spatial 
statistics in the direct postoperative scan, the PFS patients showed a significant reduction 
of Fractional Anisotropy (FA) in the bilateral superior cerebellar peduncle, compared to the 
control group. Conventional T2 imaging, however, showed unilateral rather than bilateral 
signal abnormalities in the superior cerebellar peduncle. This suggests that DTI is more 
sensitive to functional damage than conventional (T2) imaging. We confirmed Morris’ 
findings in our adult patient with mutism due to a well circumscribed pontine infarction 64. 
DTI analysis showed an asymmetry in FA in the superior cerebellar peduncle that could 
not be demonstrated with conventional imaging. 
Unfortunately, Morris’ patients underwent the postoperative scan shortly after surgery 
(median 1 to 1.5 days), whereas mutism frequently arises after several days. Their results do 
not necessarily implicate a causal relationship between anatomical findings and neurological 
deficits.
Law et al 35 conducted a similar study and found a significant difference in diffusion values in 
the right cerebellar hemisphere rather than the pontine and midbrain part of the dentateru-
brothalamic tract (DRTT). Time since diagnosis of CMS, however, was more than 3 years.  
Soelva et al 56 found a reduced volume of the frontocerebellar fiber tract (overlapping the 
DRTT tract) in patients with CMS compared to patients without. Semiquantative analysis 
showed that the ipsilateral superior cerebellar peduncle and paravermal area were mostly 
affected. Again, mean time between diagnosis of CMS and imaging was 2.5 years. 
Ojemann et al 44 were unable to visualize the superior cerebellar peduncles in their patients 
with PFS, whereas these fiber bundles were easily visualized in patients without PFS. Again, 
repeat diffusion tensor imaging after the posterior fossa syndrome had resolved, would 
have provided more valuable information.  
Although these diffusion imaging studies do not prove a causal relationship between abnormal 
anatomical sites and clinical symptoms, they do suggest that the dentaterubrothalamic tract 
is damaged preceding the onset of cerebellar mutism 42 as well as showing late diffusion 
changes after the mutism has already resolved 35, 56.  
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Evidence that supports disturbance of the cerebello-cerebral circuitry 
Anatomically, the superior cerebellar peduncles are the major output channel of the 
cerebellum. The human dentate nucleus, from which efferent fibers leave to form the 
dentaterubrothalamic tract, is larger compared to lower mammals 61. This accounts for 
especially the ventral half of the dentate. Virus tracing studies in animals have shown that this 
part is connected with non-motor frontal, temporal and parietal cortical regions, whereas 
the dorsal part of the dentate is connected to motor areas of the face, arm or leg 15. There 
seems to be a motor and non-motor functional mapping in the dentate nucleus as well as 
the cerebellar cortex 59, 60. All parts of cerebral cortex that receive input through efferents 
from the dentate nucleus, have been shown to send efferents back to the cerebellar cortex 
via the pontine nuclei, thereby closing the cerebello-cerebral circuitry 15, 49.
It seems plausible that functional damage to the superior cerebellar peduncle, constituting 
the major cerebellar output channel containing efferent dentate fibers, would interrupt the 
cerebello-cerebral circuitry. From clinical studies it is known that cerebellar mutism occurs 
more frequently in children compared to adults 37. This may be due to the vulnerabiliy of the 
developing cerebello-cerebral circuitry and incomplete maturation of white matter tracts 28. 
Evidence that supports cerebral cortical hypofunction
Single Positron Emission Computed Tomography (SPECT) studies have demonstrated 
hypometabolism in supratentorial cortical areas in some cases with posterior fossa syn- 
 drome 4, 6, 7, 11, 23, 38, 41, 52. Watanabe et al 67 also showed perfusional deficits during a 
postoperative mute phase in a 2-year old using Arterial Spin Labeling. Perfusionals changes 
went back to normal when the patient had recovered from mutism.
De Smet et al 13 described a series of 5 patients after posterior fossa surgery, 4 of whom 
with both mutism and cognitive disorders. All 4 patients showed hypoperfusion in the 
language dominant or bilateral frontal lobes during the mute phase, and remission of 
the hypoperfusion thereafter. In contrast, the one patient with cognitive disorders but 
without mutism only showed hypoperfusion in the right (non-dominant) frontal lobe 
postoperatively. 
Catsman and Aarsen 6 performed SPECT in 15 patients after cerebellar tumor surgery, 13 of 
whom with typical posterior fossa syndrome, 2 of whom with cerebellar mutism in addition 
to the posterior fossa syndrome, and 2 subjects with an uncomplicated postoperative course. 
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SPECT scans were performed well within the syndromatic period. Patients with PFS and 
patients with PFS in combination with CMS had more severe SPECT scan abnormalities 
compared to unaffected patients. There was especially hypo-activity in the frontal, 
temporal and occipital cortical areas. Additionally, the severity of SPECT abnormalities 
was significantly correlated to the duration of mutism. 
This hypothesis of hypofunction was supported by the findings of Miller et al 40, who 
investigated 11 PFS patients and 11 controls without PFS with postoperative MRI including 
dynamic susceptibility weighted contrast enhanced perfusion MR imaging. Cerebral blood 
flow and cerebral blood volume were measured for 8 supratentorial regions and appeared 
significantly lower in some, but not all, left and right frontal regions in PFS patients. 
Evidence against hypothesis
Evidence against dentaterubrothalamic tract
Early conventional T1 and T2 imaging studies have not been able to demonstrate consistent 
anatomical changes after cerebellar tumor surgery associated with cerebellar mutism. 
Although diffusion tensor imaging points out functional dentaterubrothalamic tract 
disruption, the timing of the postoperative scan is frequently before, or years after the 
mute phase. This prohibits establishing any kind of correlation. In addition, many of these 
studies have not investigated potential changes in middle cerebellar peduncle, pons, dentate 
nuclei, cerebellar cortex or vermis. All of those structures have been mentioned earlier as 
potential anatomical substrates 2, 25. Especially regarding the theory of cerebello-cerebral 
circuitry, every one of those regions is part of the circuitry and may cause a functional 
disruption when damaged 68. 
There is some evidence that other posterior fossa regions, rather than the dentate-
rubrothalamic tract, are associated with cerebellar mutism. McMillan et al 39 demonstrate 
a significant correlation between pre-operative brain stem compression and post-operative 
mutism. They hypothesize that the release of compression by the tumor leads to a distortion 
of brain stem axonal architecture. 
From cohort studies it appears that splitting of the vermis is a major risk factor for the 
development of cerebellar mutism 8, 10, 30, 50, 65, 70 and lower IQ 24. This is confirmed by a case 
of deliberate splitting of the posterior vermis in a macaque monkey, resulting in complete 
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muteness for 35 days after surgery, exactly mimicking the cerebellar mutism syndrome 5. 
On the other hand, surgeons who have changed their surgical approach for posterior 
fossa tumors from vermian splitting towards a cerebellomedullary approach and avoiding 
splitting of the vermis, could not demonstrate a lower incidence of cerebellar mutism 44, 55. 
Older studies have shown that selective injury to the dentate nucleus may also induce 
cerebellar mutism. In 1975, Fraioli and Guidetti 19 performed stereotactic lesions to different 
areas of the dentate nucleus as a treatment for dyskinesia. They observed complete mutism 
in two of their patients. Unfortunately it is unclear whether these lesions were exactly in a 
certain part of the dentate, or perhaps erroneously in its hilus where the efferents begin. Also, 
more recent studies using conventional MRI techniques demonstrate signal changes in the 
(bilateral) dentate nucleus 29, 31, 34, 48 in patients with posterior fossa syndrome or cerebellar 
mutism. Regarding the existence of a functional topography in both cerebellar cortex 58, 59 
and dentate nuclei 15, 32, 33, even minor damage might cause severe neurological dysfunction. 
In short, it is the lack of evidence to support the dentaterubrothalamic tract as the anatomical 
substrate for cerebellar mutism, rather than that there is proof against it.
Evidence against the cerebello-cerebral circuitry
The cerebello-cerebral circuitry is a well established model which is found in every neuro-
anatomy textbook. Yet no one has ever traced an action potential from an individual human 
Purkinje cell axon and its synapses all the way to the cerebral cortex and, via thalamus and 
pontine and olivary nuclei back to that same Purkinje cell. These anatomical connections 
have been demonstrated in animals and suggest a functional circuitry in men, but do not 
provide evidence for its existence. Unraveling the exact working mechanism of this circuitry 
is even more challenging. 
Anatomically, the cerebellar cortex is organised in a uniform way, implicating a uniform 
cortical function as well 60. Hypothetically, the cerebellum might have an over-all coordinating 
or feedback function regarding the cerebrum. Any small chemical or physical disturbance 
of the cerebellar cortical cells might cause a reduction of Purkinje cell output. This could 
possibly be one of the mechanisms underlying the cerebello-cerebral dischisis. According 
to Strick et al 60, activations on functional MRI assigned to a cerebellar contribution to 
cognitive and language functions, could also reflect the more fundamental – uniform – role 
of the cerebellum in timing, in sensorimotor imagery or in learning. 
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Evidence against cerebral cortical hypofunction
Although intriguing and promising, the conclusions from SPECT studies showing 
hypoperfusion in cerebral cortical areas after posterior fossa surgery are still premature. 
Study samples are relatively small. Some analyses have shown significant differences 
in brain perfusion between affected patients and normals, but there is no concordance 
between studies regarding the areas of the brain in which the hypoactivity is observed. 
Ersahin 17 showed exactly the opposite: after posterior fossa surgery, 10 patients without 
PFS showed similar SPECT abnormalities as 3 patients with the posterior fossa syndrome. 
Further, SPECT studies show not only supratentorial but also cerebellar hypoperfusion. 
Clinical cohort studies may not have been far from the truth, claiming that the dentate 
or cerebellar nuclei, cerebellar hemispheres, or cerebellar cortex were responsible for the 
mutism syndrome 65. This is supported by recent evidence for a topographical organization 
of both cerebellar cortex 58, 59 and dentate nuclei 15, 32, 33. Lastly, although supratentorial 
hypoperfusion might be the result of an interrupted cerebello-cerebral circuitry, it still does 
not reveal the exact site of this interruption. 
Discussion and consequences of hypothesis
Cerebellar mutism is a devastating complication after posterior fossa surgery, mainly 
occuring in children. This review discusses the currently widely accepted hypothesis of 
damage to the dentaterubrothalamic tract, resulting in disruption of the cerebello-cerebral 
circuitry (cerebello-cerebral “diaschisis”) as well as hypofunction of supratentorial brain 
areas. When proven, this hypothesis may have several clinical conseqeunces. 
First of all, it will provide valuable information on the working mechanism of the cerebellum 
and lead to new clinical insights. Secondly, when the exact site of interruption of the 
cerebello-cerebral circuitry is discovered, and if it is somehow predictable which anatomical 
structure is particularly at risk, neurosurgeons may have the opportunity to reconsider their 
surgical approach. White matter tracts could be visualized by neuronavigation tools pre- 
and intraoperatively, enabling the surgeon to make an individual surgical plan, avoiding 
the most vulnerable regions as much as possible. Thirdly the second part of the hypothesis 
regarding the supratentorial hypoperfusion, might suggest that the syndrome of cerebellar 
mutism is reversible once the cerebral blood flow and blood volume are restored. That 
would implicate therapeutic options for vasoactive agents.
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This review is primarily about the anatomical substrate of cerebellar mutism. However, 
another point of discussion concerns the pathophysiology of tissue damage, leading to this 
syndrome. Once the site of the functional damage is located, investigations will be focussed 
on the pathophysiological proces. Most authors claim that transient vasospasm or ischemia 
and vasogenous edema are the main cause of the mutism, based on CT hypodensities and T2 
hyperintensities in cerebellar structures 18, 21, 69. Although transient ischemia would agree with 
the temporary nature of the mutism and its delay in onset, it has never been systematically 
investigated. Yet if a vascular problem is the underlying pathological mechanism, it would 
also implicate therapeutic options in the sense of vasoactive agents. 
Although there is growing evidence supporting the hypothesis, it is not strong enough 
according to current standards in Evidence Based Medicine. Because of small sample sizes 
and poor quality of most cohort studies, Level of Evidence would be 4 according to the 
Oxford Centre for Evidence Based Medicine 45 (Table 1, March 2009, http://www.cebm.
net/index.aspx?o=1025, last access 04-09-2013). 
Future studies should prospectively include all patients with cerebellar pathology, combining 
close clinical observation and state of the art imaging during different postoperative stages. 
Investigations should be focused not only on the superior cerebellar peduncle, but also on 
the middle cerebellar peduncle, dentate nucleus, vermis and cerebellar cortex.  
Conclusion
Cerebellar mutism is a devastating syndrome occurring mostly in children after surgery 
for posterior fossa tumors. The currently accepted hypothesis states that damage to the 
dentaterubrothalamic tract, which is located in the superior cerebellar peduncle, results in 
disruption of the cerebello-cerebral circuitry and hypofunction of supratentorial cortical 
areas, explaining language, cognitive and behavioural disturbances. Evidence supporting 
this theory is growing, but of poor quality.
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Abstract
A 55-year old female is presented who experienced transient cerebellar mutism caused 
by a well circumscribed left pontine infarction due to postoperative basilar perforator 
occlusion. Although conventional T2 imaging shows a well demarcated lesion confined 
to the pontine region, diffusion tensor imaging shows an asymmetry in fractional 
anisotropy in the superior cerebellar peduncle. This supports the general hypothesis 
that cerebellar mutism is caused by functional disruption of the dentaterubrothalamic 
tract. Correlating postoperative anatomic changes to a heterogenic clinical syndrome 
remains challenging, however.
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Introduction
Mutism, defined as a total inability to speak with intact language comprehension in an 
otherwise alert patient, has been reported after trauma, epilepsy, tumor, stroke and psychiatric 
disorders 3. Anatomically, lesions to the anterior opercular and supplementary motor area 
have been reported, as well as thalamic, third ventricular or mesencephalic lesions 4. 
Yet the most well-known cause of mutism is probably posterior fossa surgery in children 
with a tumor in the cerebellar midline 10, 12. The total lack of speech typically starts within 
days after surgery and lasts for two to three months, evolving in severe dysarthria and 
frequently persisting motor speech problems 5. This “cerebellar” mutism may present 
with other problems such as hypotonia, hemiparesis, cranial nerve deficit and emotional 
and cognitive disturbances, called posterior fossa syndrome (PFS) or cerebellar cognitive 
affective syndrome 6, 7, 14. 
Currently, the generally accepted hypothesis is that mutism results from bilateral damage to 
the dentate nucleus or the dentaterubrothalamic tract (DRTT) within the superior cerebellar 
peduncle (SCP) 13, 20, 22, leading to cerebro-cerebellar diaschisis 6, 18 and volume decrease of 
frontocerebellar white matter tracts 24. However, true evidence for a causal relationship is 
still lacking. Furthermore, the precise pathophysiological mechanism is still a matter of 
debate 8, 11. This case report demonstrates a cerebellar pathophysiology for mutism caused 
by pontine infarction. 
Case report
An otherwise healthy, 55 year old woman, underwent resection of an epidermoid cyst in the 
left cerebellopontine area at the age of 28. She presented in 2008 with unexplained vertigo 
and in 2011 with left hemifacial spasms. At neurological examination, there was a known 
dysarthric speech due to her congenital hearing impairment without cranial nerve deficits. 
Motor and sensory functions of upper and lower extremities were normal. 
MR imaging demonstrated a space occupying lesion in the left cerebellopontine area, 
compressing the pons and causing dorsolateral displacement of the VIIth and VIIIth cranial 
nerves. Signal intensities suggested an epidermoid cyst (Figure 3.1).
The tumor was extirpated through the pre-existent left suboccipital osteoclastic trepanation 
under continuous cranial nerve monitoring. Two miniscule pieces of tissue, that were 
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strongly attached to a perforating artery, were left behind to prevent any damage to the 
perforators. 
Postoperatively, there were no more facial spasms. However, the patient had a slight left 
peripheral and a right central facial nerve palsy, right tongue deviation and right upper limb 
paresis grade 3. Speech was present, as previously reported, until the first postoperative 
day, when the patient was found to have an additional right sided hemiparesis, swallowing 
difficulty and inability to speak. Language comprehension, facial expression and body 
language were however normal. Reading and writing were also unimpaired.
MR imaging revealed a wedge-shaped area in the left upper pons with high intensity on 
T2 and FLAIR images and diffusion restriction on Diffusion Weighted Images, suggesting 
pontine ischemia by basilar perforator occlusion (Figure 3.1). Time Of Flight images 
showed normal patency of basilar and superior cerebellar arteries. Within days, the mutism 
developed into a serious dysarthria. 
At the two month follow-up there were no more swallowing problems and according to the 
family, the patients’ speech had normalized to her pre-existing dysarthric speech attributed 
to her congenital hearing impairment. MR images at that time showed the large pontine 
infarction on the left side, containing part of the left medial but not the superior cerebellar 
peduncle. Looking for an anatomical explanation for this patients mutism, Diffusion 
Weighted Imaging (DWI) and tractography were performed. 
Figure 3.1 Pre- and postoperative conventional images. a) preoperative T2 weighted image showing 
a hyperintense lesion in the left cerebellopontine angle compressing the pons and cranial nerves. b-c) 
postoperative T2 weighted image showing the wedgeshaped left pontine infarction due to perforator occlusion.
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MR data acquisition and processing
Imaging was performed on a 1.5T scanner (Magnetom Avanto, Siemens Medical Solutions, 
Erlangen, Germany) with a 32-channel head coil. The protocol included a T1-weighted 
MPRAGE acquisition (TR/TE/TI=2250/2.58/850 ms; flip angle=15°; matrix=256×256; 
FOV=256×256 mm; slice thickness=1 mm) and DWI (twice-refocused se-EPI with TR/
TE=9100/98 ms; matrix=80×100; FOV=176×220 mm; slice thickness=2.2 mm; b-value=1000 
s/mm2; 61 directions + 7 non-DW). DW-images were corrected for eddy currents, cardiac 
pulsation, movement artefacts and EPI-distortion 26  with the PATCH algorithm 28.
Tractography was performed with MRtrix 0.2.9 (available from http://www.brain.org.au/
software/). MRtrix provides a set of tools to perform tractography in a manner that handles 
crossing fibres, using constrained spherical deconvolution (CSD) 25 and probabilistic 
tractography. To reconstruct the superior cerebellar peduncles (SCPs), streamlines were 
initiated from the dentate nuclei (DN) as identified from various data sources (atlases, 
T1, FA and CSD maps). Streamlines were discarded unless the following waypoint criteria 
were met: 1) entering the decussation of the SCP in the mesencephalon; 2) entering the 
contralateral ventrolateral nucleus of the thalamus (VL; masks for the VLs were obtained by 
transforming the Oxford Thalamic Connectivity Probability Atlas to the patient’s DWI space 
and thresholding the premotor connectivity probability at 10%); 3) not crossing the midline 
outside of the SCP decussation area. Stopping criteria were a Fiber Orientation Distribution 
(FOD) amplitude < 0.1 and radius of curvature > 1 mm. Streamlines were initiated until each 
SCP counted 10000. Streamlines were transformed to MNI space and truncated between 
two planes othogonal to the local DRTT direction at MNI coordinates y=-50 mm (in the 
SCP near the DN) and z=10 mm (at the level of the thalamus). DRTTs were reduced to 2000 
streamlines. Fractional anisotropy (FA) and mean diffusivity (MD) were evaluated along the 
tract by averaging over all streamlines after resampling to 2000 points.  
Results
A probable course for both dentaterubrothalamic tracts could be demonstrated with 
tractography (Figure 3.2). However, the DRTT starting from the left DN was much more 
difficult to reconstruct (i.e. it took tenfold more samples to find 10000 streamlines selected). 
Furthermore, the DRTTs took slightly different courses. This was most evident at the level 
of the red nuclei (RN). For the tract emanating from the right DN, the highest probability 
for the tract location was dorsolateral to the left RN, while the most probable pathway from 
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the left DN coursed through the right RN. Within the SCPs, the spatial distribution of the 
streamlines was narrower for the DRTT from the left DN. Comparison between left and 
right SCP in the FA and FOD maps (Figure 3.3) indicate some substantial differences in 
this portion of the DRTTs (dashed ellipses). In the FOD map, the left SCP appears narrower 
and a disruption in the coherent orientation of the left SCP is eminent. Not suprisingly, 
these left-sided FOD abnormalities coincide with an apparent reduction in FA. This is 
confirmed in Figure 3.4, where the FA and MD of the right (red traces) and left (blue traces) 
DRTTs are quantified. The left SCP shows lower FA than the right. Naturally, FA values 
of both DRTTs are equal in the area of the decussation. Also the rubrothalamic portion 
of the DRTT from the left DN shows lower FA than contralaterally. The high MD values 
in Figure 3.4c indicate an obvious partial volume effect with cerebrospinal fluid (CSF) 
surrounding the SCPs. Nevertheless, a substantial difference can be observed in the MD 
Figure 3.2 Reconstruction of the dentaterubrothalamic tracts with tractography. From the dentate nucleus 
(DN) the tract runs through the superior cerebellar peduncle (SCP) to the decussation of the SCPs in the midbrain 
(DEC). There, the fibers cross the midline and course towards the ventrolateral nucleus of the thalamus (VL). 
This constitutes the dentaterubrothalamic tract. From VL upward connections to the premotor areas are 
visualized, which run through the internal capsule and corona radiata. Likewise, downstream from DN, the 
efferent connections to DN from the cerebellar hemispheres are tracked as an extension of the DRTT. Note that, 
in fact, the cerebro-cerebellar motor loop is polysynaptic with synapses in DN and VL in the return pathway 
from the cerebellar to premotor cortex. Background shows the FSL MNI152 template.
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Figure 3.3 Fiber orientation distributions (FODs) of the superior cerebellar peduncles. FODs are overlaid on 
the directionally encoded FA colormap; a-c) three consecutive axial slices of the superior cerebellar peduncles. 
FA in the background image for the left SCP (dashed ellipses) appears to be lower when compared to the right 
SCP. Furthermore, FODs are less coherent in the left SCP compared to the right. Partial tractography ROIS are 
shown: rDN=right dentate nucleus; lDN=left dentate nucleus; DEC=decussation of the SCPs.
as well. Co-inciding with the low FA, a higher MD is seen in the left SCP as compared to 
the right.
Discussion
Although cerebellar mutism due to brainstem lesions is rare, it has been described before 9, 19, 21. 
To our knowledge, we are the first to present mutism in a patient with an infarction limited 
to the pontine region and to demonstrate anatomical-clinical correlations by diffusion 
tensor tractography. 
Our patient was diagnosed with postoperative mutism, oropharyngeal apraxia, hemiparesis 
and cranial nerve deficit due to a well circumscribed pontine infarction. Although at 
conventional T2 imaging the superior cerebellar peduncle seemed unharmed, functional 
disruption was demonstrated by a unilateral decrease in fractional anisotropy (FA). FA and 
hemispheric FA asymmetry are well known parameters to investigate tract integrity 1. Our 
study therefore supports the generally accepted hypothesis that the DRTT is involved in 
the cerebellar mutism syndrome. 
Morris et al 20 were the first to use Diffusion Tensor Imaging in patients with posterior fossa 
syndrome. In their series of 10 patients with PFS compared to 12 controls after posterior fossa 
surgery, it appeared that the FA value in both superior cerebellar peduncles was significantly 
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Figure 3.4 Diffusion tensor metrics in the dentaterubrothalamic tracts. a) tractography results truncated to 
the DRTTs. Background shows the FSL MNI152 template. b) median FA values and c) median MD values over 
the DRTTs from the right (red traces) and left (blue traces) DN. Note the prominent differences between left 
and right SCP in x=[10 20] mm. Error bars show quartiles.
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lower in the PFS patients. Although it is unclear to what extent speech was affected in their 
patients, the findings do suggest damage to the superior cerebellar peduncles as the primary 
cause of cerebellar mutism. Our study supports this finding, which, however, implies that 
unilateral peduncle involvement may be equally devastating as bilateral involvement.  
Apart from the superior cerebellar peduncle, Morris’ PFS patients also showed significantly 
more damage to the mesencephalon and pons on conventional T2 weighted images, as was the 
case in our patient. Our study therefore supports the alternative hypothesis, that functional 
disruption of brain stem nuclei may attribute to the cerebellar mutism syndrome. This 
correlation between brain stem damage and cerebellar mutism has been described before 16, 23. 
Although diffusion imaging provides valuable anatomical and functional information, 
pathophysiological questions are still to be resolved 8. Based on the onset of cerebellar 
mutism several days after the initial trauma, oedema may be proposed as the primary cause 27. 
However, the natural course of neurological deterioration caused by oedema is much shorter 
than seen in cerebellar mutism. Another hypothesis is the transient decrease in cerebellar 
blood flow due to reversible vasoconstriction of small vessels 12. In addition, SPECT 
functional imaging reveals frontal cortical hypoperfusion during cerebellar mutism 6, 18, 
suggesting cerebro-cerebellar diaschisis due to disruption of unmatured connections 
between cerebellar and cerebral structures 12.
Conclusions from this single-case study are still premature. First of all, the reliability of 
tractography itself is debatable and needs to be validated for cerebellar white matter. The 
slightly different courses of the left and right DRTTs might stem from limitations of the 
tractography technique or noisy voxels in the diffusion data. While this may have influenced 
the DT metrics sampled in the rubrothalamic portion of the tract, we do not believe that 
the FA differences observed in the SCPs can be explained by limitations in diffusion 
imaging. Secondly, there is no preoperative tractography to compare with, for the mutism 
in this patient was not foreseen. In addition, our patient might not be representative for 
the general population because of her congenital hearing impairment. Hypothetically, her 
language neuronal network might be less well developed and therefore more vulnerable 
compared to age-matched controls. In patients with a congenital hearing impairment, 
tractography studies have revealed both gray and white matter changes in bilateral superior 
temporal gyrus, Heschl’s gyrus, planum polare and splenium of the corpus callosum 15, 17. An 
association with white matter pathways in the cerebellum has never been demonstrated, even 
when searched for 2. There is insufficient proof for a functional or anatomical alteration of 
cerebellar white matter pathways in patients with congenital hearing problems. Nevertheless, 
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indirect pathways between the auditory cortex and the cerebro-cerebellar circuitry may be 
altered and may make these patients more vulnerable for the cerebellar mutism syndrome. 
Consequently, it would be inaccurate to extrapolate the findings in this study to the general 
population. 
Lastly, at the time of postoperative diffusion tensor imaging the mutism had already 
resolved. The tractography results thus do not necessarily indicate a causal relationship 
between clinical results and anatomical changes. They rather demonstrate residual changes 
after clinical improvement. This phenomenon is actually of particular pathophysiological 
interest. Apparently, fractional anisotropy is far behind on regain of function. Its clinical 
implication in terms of pathophysiological mechanisms needs to be further evaluated.
Conclusion
This case report supports the general hypothesis that cerebellar mutism is caused by 
functional disruption of the dentaterubrothalamic tract, even when primary damage is 
confined to the pontine region. 
Informed consent
Written informed consent was obtained from the patient for performing Diffusion Tensor 
Imaging and publishing clinical data and images.
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Abstract
Up till the 1840s, gross dissection was the only method available to study the tracts 
and fascicles of the white matter of the human brain. This changed dramatically with 
the introduction by Stilling (1842, 1843, 1846) of the microscopy of serial sections 
and his demonstration of the discriminative power of this method. The decussation 
of the brachium conjunctivum (the superior cerebellar peduncle) (International 
Anatomical Terminology, 1998) originally was known as the horseshoe-shaped 
commissure of Wernekinck. The first use of this name and the first illustrations of 
this commissure date from a book by Wernekinck’s successor, Wilbrand (1840). Using 
gross dissection, he concluded that the commissure connects the dentate nucleus with 
the contralateral inferior olive. A few years later, Stilling (1846), using microscopy 
of serial sections through the human brain stem, illustrated the entire course of the 
brachium conjunctivum, its decussation, and its crossed ascending branch, up to 
the red nucleus. From his work, it became clear that Wernekinck and Wilbrand had 
included the central tegmental tract in their commissure, and that they had failed to 
identify its ascending branch.
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Before eponyms were removed from the anatomical nomenclature, the decussation of the 
brachium conjunctivum (the superior cerebellar peduncle 1, 33) was known as the horseshoe-
shaped commissure of Wernekinck (Commissura hipposideroformis Wernekincki). Our 
attention to this commissure was drawn by a paper of one of us on the role of the cerebello–
cerebral pathways in cerebellar mutism, which contains an illustration of the course, the 
decussation, and the termination in the thalamus of the brachium conjunctivum, using 
diffusion weighted tractography (Figure 4.1) 36. In this illustration, the proximal sections of 
the brachium with their decussation may resemble a horseshoe, but this is not the horseshoe 
Wernekinck recognized in his commissure. 
Figure 4.1 Reconstruction of the dentaterubrothalamic tracts with tractography. Reproduced from van Baarsen 
et al 36. DEC decussation of the superior cerebellar peduncle, DN dentate nucleus, SCP superior cerebellar 
peduncle, VL ventrolateral thalamic nucleus, PM premotor area.
Wernekinck (Friedrich Christian Gregor, 1798–1839) received his doctorate from the 
University of Giessen in 1820, was appointed prosector in anatomy, and in 1825, became 
extraordinary, and the next year, ordinary professor at the philosophical faculty teaching 
neural systems, anatomy, and mineralogy at this university. He published several papers 
on mineralogical subjects, but never on anatomy 15. His successor, as a prosector and a 
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professor, was his pupil Franz Joseph Julius Wilbrand (1811–1894). A year after Wernekinck’s 
death Wilbrand published a book on the anatomy and physiology of central structures of 
the nervous system (Wilbrand, 1840) 10, using Wernekinck’s dissected specimens of the 
human brain, completing them with those of his own. Wilbrand starts his description 
of the commissure as follows (translated from German): “When one traces the myelin 
bundles of the crus cerebelli ad corpora quadrigemina (the brachium conjunctivum) only 
the upper bundles take part in the formation of the corpora quadrigemina (the tectum 
of the mesencephalon). Its lower bundles of both sides bend ventrally and medially and, 
reinforced by myelin from the floor of the fourth ventricle, join each other ventrally to the 
round fascicle (the medial longitudinal fascicle). This commissure, which was discovered by 
my predecessor (Professor Dr.Wernekinck) was called the horseshoe-shaped (hufförmige) 
commissure by him; consequently, I feel obliged to call it after him the horseshoeshaped 
commissure Wernekincki (p.137).”
The distinction of the upper and lower parts in the crus cerebelli and the participation in 
the commissure of bundles from the floor of the fourth ventricle becomes clear from the 
three lithographs of the book (Figures 4.2, 4.3, and 4.4). Other central structures are not 
illustrated. In Figure 4.2, the origin of the crus cerebelli (i) from the corpus ciliare cerebelli 
Figure 4.2 Right half of the brain stem with a dissection of the crus cerebelli ad corpora quadrigemina (i the 
brachium conjunctivum) viewed medially. Reproduced from Wilbrand 10. A tectum (lamina quadrigemina), 
B Wernekinck’s commissure, C pons, c round bundle (medial longitudinal fascicle), E corpus ciliare (dentate 
nucleus), f inferior cerebellar peduncle, r cut surface of the round bundle (medial longitudinal fascicle).
i
57
Com
m
issure of W
ernekinck
4
(E: the dentate nucleus) is illustrated. The upper and lower parts of the crus cerebella are 
shown in Figure 4.3. The upper part (a) ascends towards the tectum (A), and thus justifies 
the name of the crus cerebella ad corpora quadrigemina. The lower part of the crus cerebelli 
(b) turns medially to enter the commissura Wernekincki in B. In Wilbrand’s Figure 4.4, the 
upper part of the Crus cerebelli and the round fascicle (c: the medial longitudinal fascicle) 
have been removed and a bundle is dissected from the lateral part of the floor of the fourth 
ventricle (d) that can be traced caudally into the olive (g) and rostrally joins the crus cerebelli 
Figure 4.3 Dorsal view of the brainstem after removal of the cerebellum. The two fascicles of the crus cerebelli 
(a and b) are illustrated. Fascicle a is directed at the lamina quadrigemina (A the tectum), fascicle b enters 
Wernekinck’s commissure (B). Reproduced from Wilbrand 10. A tectum (lamina quadrigemina), a component 
of the crus cerebelli directed at the lamina quadrigemina; b component of the crus cerebelli participating 
in Wernekinck’s commissure, c round bundle (medial longitudinal fascicle), d fascicle in the lateral medulla 
oblongata that will join Wernekinck’s commissure, e middle cerebellar peduncle, f inferior cerebellar peduncle, 
l floor of the fourth ventricle.
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(b) in Wernekinck’s commissure (B). “The horseshoe-shaped commissure of Wernekinck, 
therefore, connects the myelin cores of the corpora ciliaria and the olive” (p.138). The 
likeness to a horseshoe of its two components that constitute the commissure is evident 
from Figure 4.4. What exactly are the two components of crus cerebelli and the system in 
the lateral medulla oblongata that connects the olive with the commissure? Information 
Figure 4.4 Dissection of Wernekinck’s horse iron-shaped commissure and its constituents after removal of the 
cerebellum and the rostral part of the round fascicle (c the medial longitudinal fascicle). Both component b of 
the crus cerebelli and fascicle d, located in the lateral medulla oblongata, join the commissure. Fascicle d can 
be traced back to the inferior olive (g). Reproduced from Wilbrand 10. For other abbreviations, see Figure 4.3.
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on this subject became available a few years after Wilbrand’s book was published with 
Stilling’s atlas of the human pons 29. Benedict Stilling (1810–1879) received his doctorate 
in Marburg in 1833 where he was educated as a surgeon. As a Jew, he could not obtain an 
academic position. He got an appointment as a surgeon connected to the local court of law 
(Landgerichtswundartzt) in Cassel, where he later started a private practice. He traveled 
extensively abroad where he met most of the famous neurological scientists of his day 31. 
Apart from publications on surgical subjects, he authored books and atlases on the spinal 
cord 32, the medulla oblongata 28, and the cerebellum 30. Stilling was the first to use serial 
microscopical sections to study the brain. He used ethanol-fixed human brains, which he 
sectioned with a microtome he had developed. Sections were studied wet and unstained, 
between two glasses under the microscope. Stilling’s drawings 29 of the sections through the 
brain stem were transferred to the lithographic stone by G. Hanig. The large-size lithographs 
not only are the first of their kind, but are impressive with their meticulous amount of 
detail, their clarity, and their texture and would not be amiss in a modern textbook. Stilling 
illustrated the crus cerebelli ad corpora quadrigemina (the brachium conjunctivum) in a 
section through the rostral pons (Figure 4.5: A). He remarks that the name is inappropriate 
Figure 4.5 Section through the crus cerebelli ad corpora quadrigemina (A the brachium conjunctivum) located 
in the lateral wall of the fourth ventricle. The left side of this and the following figures was printed in light gray 
and contained the legends. Reproduced from Stilling 29. A crus cerebelli ad corpora quadrigemina (brachium 
conjunctivum), d component d of the ventral funiculus (medial lemniscus), d’ component d’ of the ventral 
funiculus (medial longitudinal fascicle), e” component e” of the lateral funiculus (central tegmental tract), g 
spinal tract of the trigeminal nerve, k principal sensory nucleus of the trigeminal nerve, r motor nucleus of 
the trigeminal nerve.
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because it never enters the tectum. Wilbrand, probably, mistook the lateral lemniscus 
(Figures 4.6, 4.7: e, e’), that ascends to the inferior colliculus, immediately lateral to the 
brachium conjunctivum, for his upper bundles of the crus cerebelli (a) that ascend towards 
the tectum. Stilling considered the lateral lemniscus (e, e’) as a continuation of the lateral 
funiculus of the spinal cord and the medial lemniscus (d) and the medial longitudinal 
fascicle (d’) as belonging to the ventral funiculus. For the origin of the crus cerebelli from 
the dentate nucleus, Stilling refers to a later publication 30. Centrally, in the tegmentum, he 
illustrates a conspicuous fascicle (e”), that he considers as another component of the lateral 
funiculus of the cord, and that we now can identify as Bechterew’s central tegmental tract 
39, a system that takes its origin from the parvocellular red nucleus 37 and terminates in the 
principal nucleus of the inferior olive. Stilling did not observe the connection between this 
fascicle and the inferior olive, however, Wilbrand traced his component d of Wernekinck’s 
commissure, in the lateral medulla oblongata to the olive. It seems likely, therefore, that 
Wilbrand’s bundle d, Stilling’s lateral funiculus e” and the central tegmental tract are 
identical. In a more rostral section (Figure 4.6), Stilling found the ventral part of the crus 
Figure 4.6 Section through the caudal part of the decussation of the crus cerebelli (a). Reproduced from Stilling 29. 
e and e’ components of the lateral funiculus (lateral lemniscus). For other abbreviations, see Figure 4.5.
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cerebelli to decussate in the ventral tegmentum (a). When the nerve fibers are transected 
perpendicularly, they appear as dark bundles under the microscope. When sectioned 
longitudinally, they take on a much lighter, silvery appearance. The section depicted in 
Figure 4.7 pass through the center of the decussation of the crus cerebelli (a). Its fibers 
traverse Stilling’s lateral funiculus (e” the central tegmental tract). Apparently, Wilbrand was 
unable to distinguish the fascicles of his bundle d where they traverse the Crus cerebelli, 
and concluded that they join this bundle inWernekinck’s commissure. Stilling traced his 
bundle e” to a position ventral to the central gray (Figure 4.8: e”), dorsolateral to the crossed 
ascending branch of the crus cerebella where it becomes located in the caudal red nucleus 
(Figure 4.8: A). The course of the crossed ascending branch of the crus cerebelli beyond 
this level was not illustrated. A publication on this subject, to which Stilling referred, never 
appeared. The decussation of the crus cerebelli and the red nucleus are well illustrated in a 
Figure 4.7 Section through the commissure of the crus cerebelli (a brachium conjunctivum). Fibers of the 
crus cerebelli on their way to the decussation traverse component e” of the lateral funiculus (the central 
tegmental tract). Inset: longitudinally sectioned fibers have a silvery appearance. Reproduced from Stilling 29. 
For abbreviations, see previous Figures.
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sagittal section near the midline (Figure 4.9). Stilling was the first to use serial microscopical 
sections to identify the course of the crus cerebelli, including its crossed ascending branch 
and its relationship to the red nucleus, and of the independent trajectory of the central 
tegmental tract: his bundle e” of the lateral funiculus. He showed that the crossing of its 
fibers is not a commissure, connecting symmetrical structures, but a decussation. Stilling 
did not discuss the observations of Wernekinck and Wilbrand; he probably was not aware 
of the existence of Wilbrand’s book. 
The 1840s witnessed an important change in the methods used to study the anatomy of the 
brain. Observation and gross dissection of fascicles in the white matter were the only methods 
available at the time. With the introduction of the microscopy of serial sections, Stilling 
introduced a method with a much higher discrimination of nuclei and the components 
of the white matter, as shown in the identification of the course and the decussation of 
the brachium conjunctivum by this author. His use of wet, unstained sections was rarely 
continued. It was replaced by staining with carmine 12 of dichromate-fixed material 14, 
Figure 4.8 Section through the crossed ascending branch of the Crus cerebelli (A brachium conjunctivum). Inset 
shows the nucleus of the oculomotor nerve (n) with its nerve cells, Stilling’s “spinalkörperchen”. Reproduced 
from Stilling 29. For abbreviations, see previous Figures.
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which allowed the visualization of individual myelinated fibers and nerve cells. An even 
better result was obtained when this tissue was stained with the Mann solution of eosin 
and methyl blue where the reddish myelin sheath contrasted with the blue of the axons 
and the neuropil 2, a method modified by Häggqvist 13 and now known under his name. 
Embedding in celloidin 8 or paraffin and formalin fixation 5 facilitated serial sectioning. 
Weigert’s myelin stain 41 and the Nissl methylene blue method for nerve cells 24 for a long 
time dominated topographical studies of the brain. Tracing individual fiber tracts in serial 
sections was introduced by Türck 34 who used the gliosis present in degenerated systems 
to track their course, and was much improved by Marchi and Algieri 21 who stained 
degenerated myelin with osmic acid. The origin of fiber systems could be first established 
with Von Gudden’s 40 method of secondary degeneration of nerve cells. The final course of 
the brachium conjunctivum beyond the red nucleus was described by Forel 11; the entire 
system was traced with the Marchi method in the human brain by Probst 26. 
The name brachium conjunctivum is the Latinized form of the German “Bindearm”, a 
term introduced by Burdach 7, who also observed its origin from the dentate nucleus. In 
early descriptions of the brachium conjunctivum, the paired elevations that emerge from 
Figure 4.9 Sagittal section near the midline, showing the decussation of the crus cerebelli (a brachium 
conjunctivum) and the red nucleus (r). Reproduced from Stilling (1846) 29. a, decussation of the crus cerebelli 
(brachium conjunctivum), d’ component d’ of the ventral funiculus (medial longitudinal fascicle), f genu of 
the facial nerve, h nucleus of the abducens nerve, n nucleus of the oculomotor nerve, p pyramidal tract, r red 
nucleus, t decussation of the trochlear nerve.
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under the anterior cerebellum, flanking the lingula in the anterior medullary velum, were 
known as the processus ad testes (Figure 4.10). “Testes” is the old name of the superior 
colliculi, dating from Galen. It stems from the similarity of the pineal body to a penis and 
of the superior colliculi to the testicles. The inferior colliculi were known as the nates, the 
buttocks 38. Vicq d’Azir 9 attributed this name to Petit de Namur 25, but the name Processus 
ad testes goes further back. Wiberg 42 quotes Galen as follows “Here you will likewise see 
the thin parts, which connect the anterior wormlike epiphyse with these parts of the brain, 
which on both sides lie against the nates, and which by some anatomists are called Τένοντος 
(tendines)”. Apparently the name “tendons” for the brachium conjunctivum was already 
used by Greek anatomists. Vesalius (1543) comments on this description: “I also am even 
more amazed at Galen for calling the parts of this thin membrane that bind the cerebellum 
to the testes of the cerebrum tendons and even vinculi (bonds or links), that embrace the 
sides of the worm-like process (the lingula in the anterior medullary velum) and prevent it 
Figure 4.10 Dorsal aspect of the brain stem after removal of the cerebellum, showing the transected brachium 
conjunctivum (Galen’s tendons”), the lingula in the anterior medullary velum (the worm-like epiphysis), the 
inferior colliculi (the nates), the superior colliculi (the testes), and the pineal body.
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from curving downwards when it moves. These tendons or vincula that Galen talks of are 
simply portions of therefore said thin membrane” 38. More prudent anatomists later used 
the name “die Arme zu der Vierhügeln” sive “crura cerebelli ad corpora quadrigemina” 3, 27. 
Malacarne 20 used the term “porzione ascendante della braccia del cerveletto,” that comes near 
the name “superior cerebellar peduncle” of the International Anatomical Terminology 1. 
The old names of the brachium conjuctivum are purely descriptive, and do not imply a 
connection of any kind. Even though, scientists like Pourfour du Petit, certainly were aware 
of the existence of conduits for the animal spirits, such as those that control movements of 
the extremities. Petit 25 explained the transfer of animal spirits from one side to the other 
in crossed motor deficits after cerebral lesions, observed in human patients and animal 
experiments, by the demonstration of the crossing of the pyramidal tracts. From other 
observations, he concluded that the cerebellum does not furnish the elements of sensation 
and that the motor deficits after lesions of the cerebellum are present on the ipsilateral side 17. 
Wernekinck’s name is also connected to the syndrome of the commissure of Wernekinck, 
which occurs after ischaemic lesions of the tegmentum of the pons and the adjacent 
mesencephalon, which includes the decussation of the brachium conjunctivum 18, 19, 22. 
Patients display a clinical picture with bilateral cerebellar ataxia with excessive trembling 
of the upper extremities, both in rest and during movements, as a prominent feature. These 
symptoms are sometimes combined with palatomyoclonus, an internuclear ophthalmoplegia, 
or a paresis of the superior rectus and the inferior oblique muscles. The ataxia is clearly 
caused by the interruption of the decussation. The internuclear ophthalmoplegia is the result 
of the interruption of the internuclear pathway that connects the nucleus of the abducens 
nerve with the contralateral motor pool of the medial rectus muscle in the nucleus of the 
oculomotor nerve. Moreover, a fiber contingent contained in the brachium conjunctivum 
from oculomotor neurons in the superior vestibular nucleus, that innervate the contralateral 
motor pools of the superior rectus and inferior oblique muscles 35 may explain their paresis. 
Palatomyoclonus, sometimes combined with hypertrophic degeneration of the inferior olive 6, 16 
is caused by the interruption of the pathway connecting the dentate and the interposed 
cerebellar nuclei with the contralateral inferior olive. This inhibitory, GABAergic pathway 23 
is a separate tract, located ventromedial to the brachium conjunctivum at its origin from 
the cerebellum. It decussates caudal to the brachium conjunctivum and then descends to 
the inferior olive. Its interruption disinhibits the neurons of the inferior olive and may 
enhance their electrotonic coupling, resulting in rhythmic firing of large cell assemblies 4 
that may induce the rhythmic contractions of the soft palate and other structures and, 
ultimately, may lead to hypertrophic degeneration of the olive. The demonstration of this 
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nucleo–olivary pathway may be taken as a late confirmation of the conclusion of Wernekinck 
and Wilbrand that their commissure is a connection between the ciliary body (the dentate 
nucleus) and the inferior olive. However, these authors did not identify this nucleo–olivary 
pathway, but based on their conclusions on a faulty identification of the components of 
their decussation. In a sense, the modern diffusion tensor tractography, using directionally 
encoded fiber orientation is not so different from the gross dissection of myelinated fascicles 
in the white matter by anatomists like Pourfour du Petit, Wernekinck, and Wilbrand. The 
methods probably share the same pitfalls with the great advantage of tractography, of course, 
that it can be done in the living brain. Visualization of myelin and the use of high-voltage 
scanners may bring the method up to the level of Stilling’s microscopy. The development of 
markers of specific connections that can be applied to the human brain is the final challenge.
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Abstract
Diffusion Weighted Imaging (DWI) tractography is a technique with great potential 
to characterize the in vivo anatomical position and integrity of white matter tracts. 
Tractography, however, remains an estimation of white matter tracts, and false 
positive and false negative rates are not available. The goal of the present study was 
to compare post mortem tractography of the dentaterubrothalamic tract (DRTT) 
by its 3D histological reconstruction, in order to estimate the reliability of the 
tractography algorithm in this specific tract. Recent studies have shown that the 
cerebellum is involved in cognitive, language and emotional functions besides its role 
in motor control. However, the exact working mechanism of the cerebellum is still 
to be elucidated. As the DRTT is the main output tract it is of special interest for the 
neuroscience and clinical community.
A post mortem human brain specimen was scanned on a 7T MRI scanner using 
a Diffusion Weighted Steady State Free Precession sequence. Tractography was 
performed with PROBTRACKX. The specimen was subsequently serially sectioned 
and stained for myelin using a modified Heidenhein-Woelke staining. Image 
registration permitted the 3D reconstruction of the histological sections and 
comparison with MRI. The spatial concordance between the two modalities was 
evaluated using ROC analysis and a similarity index (SI).
ROC curves showed a high sensitivity and specificity in general. Highest measures 
were observed in the superior cerebellar peduncle with an SI of 0.72. Less overlap was 
found in the decussation of the DRTT at the level of the mesencephalon. 
The study demonstrates high spatial accuracy of post mortem probabilistic 
tractography of the DRTT when compared to a 3D histological reconstruction. This 
gives hopeful prospect for studying structure-function correlations in patients with 
cerebellar disorders using tractography of the DRTT.
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Introduction
Tractography, based on Diffusion Weighted Imaging (DWI), is a technique with great 
potential to characterize the in vivo anatomical position and integrity of white matter 
tracts 7, 10, 47. Tractography has proven its worth in neuroscience as well as in neurology and 
neurosurgery 11, 23, 51. It is an invaluable tool in investigating structure-function relationships. 
The white matter tract of our interest is the dentaterubrothalamic tract (DRTT). This tract 
originates in the dentate nucleus of the cerebellum and projects to the ventrolateral nucleus 
of the thalamus via the red nucleus. Left and right tracts decussate in the mesencephalon 
at the level of the inferior colliculi. Neuroscience of the cerebellum is gaining attraction 
and as the DRTT is the main output tract of the cerebellum, it is currently subject to many 
clinical and neuro-imaging studies. 
During the last two decades, evidence for a role of the cerebellum in cognition, language 
and emotional processing is growing 20, 42, 58, 59, 61. Anatomical studies have shown that 
cerebellar cortical areas are reciprocally connected with premotor, parietal and temporal 
cerebral cortex 24, 61. 
In mammals, the cerebellar cortex, the cerebellar nuclei and the white matter in between 
seem to be segregated into distinct functional zones 48, 52. Additionally, functional MRI 
studies have shown that there is a topographical organization in the cerebellar cortex, not 
only regarding motor control but also regarding cognitive and affective functions 59, 60. 
Furthermore, there is clinical evidence that supports a cerebellar role in non-motor function. 
Patients with cerebellar lesions (bleeding, infarction or post-surgery) may suffer from 
cognitive, language and emotional disturbances 21, 37, 54, 68. Likewise, psychiatric disorders 
such as autism are found to be correlated to cerebellar structural anomalies 8.
A striking example of cerebellar dysfunction is the cerebellar mutism syndrome. This rare but 
devastating syndrome may occur in children after surgery for a cerebellar tumour and causes 
an inability to speak in addition to emotional lability and behavioural disturbances 37, 53. 
The syndrome may occur even in a telovelar approach when there seems to be no damage 
to the cerebellar cortex or white matter. 
The exact pathophysiology and the anatomical substrate of non-motor disorders caused 
by cerebellar dysfunction are still not fully understood. The cerebellum is therefore subject 
to many clinical and neuroimaging studies. It seems that the DRTT plays an important 
role as it is the main cerebellar output tract. Better understanding of structure-functional 
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relationships in the cerebellum and its output tracts may lead to a better understanding of 
cerebellar pathology and in the end, better treatment or even prevention. 
Tractography offers the in vivo investigation of the anatomical position of white matter 
tracts, their volume and integrity. However, although the technique is valuable, its anatomical 
accuracy is still poorly determined while its limitations are well known. Before using 
tractography as a tool in investigating the integrity of the DRTT, its correspondence to 
known anatomy should be investigated. In the cerebellum, the DRTT is enveloped by white 
matter of the inferior and middle cerebellar peduncles. At the level of the brainstem, it is 
surrounded by the brachium of the inferior and superior colliculus, medial longitudinal 
fasciculus and the central tegmental tract 25. It is the question whether tractography is able 
to correctly distinguish between these tracts. 
The precision and reliability of tractography results are largely influenced by image quality, 
parameter settings and even choice of tracking algorithms 6, 28. Together with the low SNR, this 
implies that many false positives and false negatives might occur in the tracking process 34. 
In addition, compared to the cerebral hemispheres, tractography of cerebellar white matter 
pathways faces particular challenges. Air-tissue interfaces are in closer proximity to the 
structures of interest, white matter tracts are smaller, tract curvatures are stronger and 
there are many kissing and crossing fibres in the cerebellum 31, 32, 38.
To date, the general accuracy of tractography remains undetermined and false positive and 
false negative rates are not available 15. Various methods were applied previously to study 
the anatomical reliability of tractography. These include comparison to neuroanatomical 
tracing, fibre dissection and histology. This kind of comparison was reported by a handful 
of studies, but is beginning to gain traction as tractography becomes more widely used. 
A few studies 29, 33, 39 considered classical dissection of white matter fibres as the anatomical 
reference. In general, a close correspondence between reconstructed tracts and anatomical 
dissection was reported in these studies. However, tractography was based on in vivo DWI 
data and therefore lacking a direct and quantitative comparison with anatomical dissection 
in the specimens. 
Neuroanatomical tracing provides another way of mapping neural networks by injecting 
tracing dyes that diffuse along axonal trajectories. In macaque monkeys it was shown 
that there was generally good agreement between the anatomical position of tracts in the 
corticospinal tract as assessed with tractography when compared to neural tracers 19. Similar 
results were shown in mini pigs 27. To bridge the gap between animals and humans, ventral 
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prefrontal cortex tracts were inferred with tractography in both humans and macaques 35. 
Tractography in macaques was validated with neural tracing before a comparison was made 
between primate and human tractography. A high spatial similarity was found between the 
two techniques. Furthermore, white matter trajectories in macaques were manifested in a 
similar manner as those in the human brain. The problem with neural tracers, however, is 
that they are largely limited to animal studies. Even though some tracers are applicable in 
post mortem human brain tissue, they require infiltration times that can take up to several 
years 56. In addition, neural tracers are very useful for mapping individual axons and their 
projections that intermingle with larger bundles in the central nervous system (CNS). 
Tractography, however, lacks such detailed axonal discrimination and generally determines 
tract borders. To obtain false positive and false negative rates, neural tracing may not be the 
most appropriate method to determine the spatial accuracy of tractography. 
The present study considered histological sectioning and myelin staining as the gold standard 
for mapping white matter tracts. In general, histology offers a resolution that is far beyond 
that of DWI and enables a more precise delineation of fibre tracts 14. Traditional myelin 
stains often do not provide contrast to distinguish between densely packed white matter 
bundles. Here, a modified Heidenhain-Woelcke staining protocol was applied to visualize 
myelinated white matter. The modification of this protocol inactivates the chromatogen 
complexes in the thinnest myelin sheaths. This produces a graded reduction in myelin 
staining in white matter that appears to be proportional to the amount myelination 12-14. 
The main goal of the present study was to investigate the correspondence between 
tractography of the dentaterubrothalamic tract with its anatomy as known from a 
three-dimensional histological reconstruction of this tract visualized with the modified 
Heidenhain-Woelcke stain in the same post mortem specimen. 
Methods
Sample acquisition
For this study, the brain of an 87-year-old woman was acquired via the body donor program 
at the Department of Anatomy of the Radboud University Medical Centre, Nijmegen, the 
Netherlands. The subject died from pneumonia and had no prior neurological or psychiatric 
diseases. As determined by two neuroanatomists, gross morphology of the brain, as well 
as the serial sections, showed no signs of pathology. Ten hours post mortem, the body was 
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perfused via the femoral artery to allow rapid fixation of the tissue. Approximately 24 hours 
later, the brain was extracted from the skull and stored in 7.7% formalin for 16 months. 
Frontal, temporal, parietal and occipital lobes were removed in order to fit the specimen 
in a smaller MR coil for high signal reception (Figure 5.1).
Figure 5.1 Post mortem human brain specimen from a lateral (A) and frontal view (B). All cerebral lobules 
except the insulae were removed.
A B
Magnetic resonance image acquisition
Prior to scanning, the specimen was soaked in phosphate buffered saline for 72 hours to 
remove the formalin from the tissue, as formalin is known to decrease the T2 relaxation 
rate of tissue 57. In addition, compared to in vivo experiments fixed tissues suffer from 
reduced apparent diffusion coefficients (ADC) 17, 62, 63, requiring higher b-values to obtain 
similar diffusion contrast as for in vivo. Recent studies also reported a subtle reduction for 
the fractional anisotropy (FA) in white matter of fixed brains 16, 55. Here, a relatively short 
post mortem interval was employed to limit the reduction in ADC and FA 16. Further, 
diffusivity measures were suggested to remain stable up to a 3 year period after fixation 26.
All imaging was performed in a single overnight session on a Siemens MAGNETOM 7T 
MRI scanner (Siemens, Erlangen, Germany) with a 28-channel knee coil. Background signal 
was avoided by placing the specimen in tight-fitting plastic bags containing Fomblin (Solvay 
Solexis Inc.), a hydrogen-free liquid closely matching the susceptibility of brain tissue. 
Diffusion weighted images were acquired with a DW-SSFP (Diffusion Weighted Steady 
State Free Precession) sequence 44 at 1 mm isotropic resolution with an effective b-value of 
5175 s/mm2 in 49 directions (2 averages). The DW-SSFP sequence has been demonstrated 
to provide improved tractography in post mortem brains in comparison to the more 
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conventional diffusion-weighted spin echo due to its ability to achieve strong diffusion 
weighting without unacceptable T2 signal loss 45. Because T1 and T2 estimates are required 
for the analysis of the DW-SSFP data, True Inversion Recovery (TIR) and Turbo Spin 
Echo (TSE) were included in the protocol. These techniques have recently been adapted 
for use at 7T using a single-line (rather than segmented EPI) 3D readout 30, resulting in 
improved SNR with robust estimation of multiple fibre populations within a given voxel. An 
additional high-resolution structural scan with mixed contribution T1 and T2 weighting was 
acquired with a TRUFI (True Fast Imaging with Steady State Free Precession) sequence 46, 71. 
Parameters are presented in Table 5.1.
Table 5.1 MRI scan parameters
Diffusion Weighted Steady State Free Precession (DW-SSFP)
TE 21 ms
TR 30 ms
α 30°
Number of directions 49
Number of averages 2
Number of q=10 mm-1 (b=0 equivalent) 8
Matrix size 176 x 120 x 180 mm3
Voxel size 1.0 x 1.0 x 1.0 mm3
Bandwidth 80 Hz/pixel
q-value 300 mm-1
b-value (equivalent) ~5175 s/mm2
True Inversion Recovery (TIR, T1 quantification)  
TE 12 ms
TR 1000 ms
TI Varying: 31, 62, 125, 250, 500 and 850 ms
Matrix size 176 x 120 x 192 mm
Voxel size 1.0 x 1.0 x 1.4 mm
Bandwidth 200 Hz/pixel
Turbo Spin Echo (TSE, T2 quantification)  
TE Varying: 14, 28, 42, 55, 69, 83 and 111 ms
TR 1000 ms
Matrix size 176 x 120 x 192 mm
Voxel size 1.0 x 1.0 x 1.4 mm
Bandwidth 130 Hz/pixel
True Fast Imaging with Steady State Free Precession (TRUFI, anatomical)
TE 3.79 ms
TR 7.58 ms
α 35°
Matrix size 416 x 256 x 512 mm
Voxel size 0.4 x 0.4 x 0.5 mm
Bandwidth 296 Hz/pixel
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Probabilistic tractography
Probability distributions for fibre orientations in each voxel were estimated with BEDPOSTX 9, 
modified to incorporate the DW-SSFP signal equations 43, 44. More precise, the modified 
BEDPOSTX version includes T1, T2, and B1 information to allow for accurate voxel-wise 
estimates of diffusion coefficients. Three diffusion directions per voxel were modelled, with 
online model selection (automatic relevance determination, ARD) on the second and third 
fibre 9. Registration between the structural space and diffusion space was performed using 
a 12 degrees of freedom (DOF) affine transformation determined by FLIRT 36. Seed masks 
were manually drawn in the structural MRI for both dentate nuclei using ITK-SNAP 70. White 
matter surrounded by the dentate nuclei was included in the segmentation. Both thalami 
were manually segmented and defined as target masks. The thalami were easily distinguished 
from the internal capsule by contrast differences between white and grey matter in the TRUFI 
structural MRI. Medial and lateral geniculate nuclei were included in the segmentation. 
An exclusion mask midsagittal through the cerebellar vermis and mid-pons was defined to 
prevent streamlines from crossing the midline below the level of the decussation (Figure 
5.2). Tractography was performed with PROBTRACKX 9. Streamlines were generated for 
each voxel in the dentate nucleus seed mask that also passed the contralateral thalamic 
target mask (i.e. also the termination point), producing a connectivity map for each DRTT. 
Additional parameters included a step length of 0.5 mm, 2000 streamlines per seed voxel, a 
0.2 curvature threshold (equivalent to ~78 degrees) and no FA threshold.
Each voxel in the connectivity maps indicated the number of streamlines that passed through 
that particular voxel. Connectivity maps were normalized by dividing each voxel with the 
total number of streamlines that was generated between the seed mask and target mask. 
Figure 5.2 Tractography masks from a coronal view. (A): Seed masks in the dentate nuclei. (B): Thalamic 
waypoints. (C): An exclusion mask midsagittal through the specimen.
A B C
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Tissue processing
Comparison of histology and tractography was only performed for the DRTT in the 
cerebellum and brainstem. This part was separated from the supratentorial part of the 
specimen with a transverse cut inferior to the red nuclei. The specimen, including the 
cerebellum and the brainstem, was embedded in paraffin before it was sectioned with an 
LKB 2260 Macrotome (LKB Instruments, Bromma, Sweden). The knife was positioned at 
a 15˚ angle with respect to the cutting plane. The tissue was serially sectioned at 10 µm 
thickness and every 20th slice was kept for staining, resulting in an inter-plane resolution of 
200 µm. A total number of 202 sections were collected. Prior to cutting each third last section 
in a series, a blockface image (i.e. a photograph of the cutting surface of the block 2, 3, 18, 66) 
was taken with a Canon EOS 550D camera with a Canon 100 mm autofocus lens. Successfully 
collected sections were matched with the corresponding blockface. Each section was 
subsequently mounted on a glass plate, dried overnight in a stove at 37˚C. For optimal 
visualization and differentiation between degrees of myelination within white matter fibre 
bundles, the modified Heidenhain-Woelcke stain 12, 33 was used. Macrophotographs of the 
stained sections were taken with the same camera to produce digitized data. These are 
referred to as “histological slices” hereafter.  
Histological 3D reconstruction
Custom software was written for pre-processing, registration and 3D reconstruction of 
histological slices in Matlab 2013a (The MathWorks Inc, Natick, MA, USA). Prior to 
registration, histological slices were down sampled to match a square pixel size of 30 
μm/pix. After converting the images to grayscales, contrast was enhanced by stretching 
the histogram and images were segmented based on edge segmentation and manual 
adjustment. Slice-by-slice 2D landmark based affine registration was performed. At least 
six corresponding landmarks in the histological slice and its accompanying blockface were 
selected to compute the affine transformation. Blockfaces serve as an intermodality that aims 
to preserve curvature of a volume. The so-called banana problem 40 is introduced if curved 
objects are reconstructed based on inter-slice alignment and may end up as straightened 
objects. The presence of a reference volume, here both a blockface volume and a structural 
MRI, prevent such reconstruction bias and retrieves the original curvature. Following 
affine registration to the blockfaces, stacking of the histological slices resulted in an initial 
histological 3D reconstruction. 
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The structural MRI was transformed to the initial histological volume with a 12 DOF, 
3D affine registration implemented in FLIRT 36, using normalized mutual information as 
a cost function. At this stage, histological slices were matched with corresponding MRI 
slices. Prior to non-linear registration, a 2D 6 DOF affine transform (FLIRT) was applied 
to refine each histological slice with the corresponding MRI slice. 
Following affine co-registration a non-linear registration approach was chosen to accurately 
align histological slices. Steps in tissue processing, such as paraffin embedding and 
microtome cutting inevitably cause intrinsic deformations to each tissue section. The affine 
transformation model is by definition unable to correct for such tissue deformations as it 
assumes a single global deformation per slice. The deformations present in the histological 
slices, however, are often spatially variable and may differ between types of tissue (e.g 
between grey and white matter). The Advanced Normalization Tools (ANTs) 5 were applied 
to perform non-linear registration. A multivariate approach was chosen to align the slices in 
the histological volume as previously described by 1 for 3D reconstruction of hippocampal 
sections. In brief, for each histological slice a warp field was computed based on the two 
neighbouring histological slices and the corresponding MRI slice. Mutual information 
was used as a cost function for both the neighbouring histological slices and the MRI slice. 
The warps were computed using a symmetric normalized diffeomorphic transformation 
model 4. Histological slices were warped to their new space according to the computed 
warp fields at each step. The total non-linear registration approach was iterated until there 
was no visual difference present between consecutive steps, which was satisfactory after 20 
iterations. The histological volume had a voxel size of 0.03 × 0.03 × 0.20 mm. At last, the 
MRI was non-linearly transformed to histological space for final refinement between the 
two modalities. Again, the transformation was computed using a symmetric normalized 
diffeomorphic transformation model.
Tract segmentation was achieved by manually drawing a polygon around the DRTT in 
each histological slice 70. Two investigators with a good anatomical knowledge of the DRTT 
executed the segmentation (JM & KvB). 
Spatial tract analysis
Probabilistic tractography resulted in connectivity maps for the DRTT between the 
dentate nucleus and the thalamus. The concordance between the binary tractography 
connectivity maps (after thresholding) and the reference (i.e. the DRTT segmentation in 
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the histological space) was computed. It was evaluated using ROC (Receiver Operating 
Characteristic) analysis. In the present context, an ROC curve illustrates the overlap 
between the tractography and histological DRTT masks. This is achieved by varying the 
segmented volume in the tractography map through thresholding at different connectivity 
values. These values range from 0 - 0.35% of the total number of streamlines generated 
between the seed and target mask. For each binary connectivity map, true positive (TP; 
tractography-positive and histology-positive), true negative (TN; tractography-negative and 
histology-negative), false positive (FP; tractography-positive but histology-negative) and 
false negative (FN; tractography-negative but histology-positive) voxels were computed. 
True positive rates (TPR), equal to sensitivity and false positive rates (FPR), equal to 
1-specificity were calculated as
      Eq. 5.1
       Eq. 5.2
TPR is represented as a function of  FPR in an ROC curve.
Correspondence between the binary masks was also evaluated with the Dice similarity index 
(SI) 22. The SI is a measure for correctly classified tractography voxels relative to the total 
volume occupied by the tractography mask plus the reference mask. It thus indicates the 
ratio of true positive voxels over all voxels included by both modalities, running from 0 to 1. 
      Eq. 5.3
Here, Trac denotes the volume of the binary tractography mask thresholded at different 
connectivity values (equal to those used in ROC analysis) and Ref is the volume of the 
segmentation of the tract in the histological volume. The ∩ operator indicates overlapping 
volume of Trac and Ref.
An additional analysis was done in which the amount of false negative voxels (i.e. voxels 
that were “missed” by tractography) was calculated for expanding tractography masks, in 
order to define the spatial extent of the outliers. For each mask, the number of FNs (voxels 
missed by tractography) was computed as the mask increased in size (in steps of one voxel 
at a time) by means of binary dilation.
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Analyses were performed for the total tract and for three separate regions of interest (ROIs): 
the dentate nucleus, the superior cerebellar peduncle and the decussation of the DRTTs in 
the mesencephalon. The outcomes were computed for each investigator separately, after 
which they were averaged. 
Figure 5.3 Post mortem MRI acquisitions. (A): Coronal view of the structural image acquired with the TRUFI 
sequence. White arrow indicates inhomogeneous signal intensity in the cerebellar cortex. (B): Direction encoded 
colour (DEC) map with fractional anisotropy modulated intensity. Colour coding: green: anterior-posterior, 
red: left-right, blue: inferior-superior. (C): The registration accuracy between structural and diffusion space is 
illustrated by overlaying DEC map with the structural MRI (sagittal view). The structural MRI was transformed 
to diffusion space with a 3D affine transformation. (D): ROI of diffusion directions in the decussation of the 
DRTTs (white arrow). Red and blue lines represent the first and second diffusion direction within a voxel, 
respectively. 
A
DC
B
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Results
Post mortem MR images of the specimen were acquired with a total scanning time of 
approximately 32 hours. High contrast was present between white and grey matter. Basal 
ganglia and cerebellar nuclei were clearly visible, and in particular the dentate nucleus 
showed excellent contrast with adjacent white matter (Figure 5.3A). Although neither 
macroscopic inspection of the specimen, nor its sections had shown any sign of pathology, 
an inhomogeneous intensity pattern was observed throughout the cerebellar cortex in 
the structural MRI. The cortical artefact was not present in white matter and diffusion 
parameters in the white matter areas were coherent with the expected underlying anatomy. 
Diffusion parameters in the white matter were successfully estimated by a modified version 
of the BEDPOSTX software written for the DW-SSFP sequence 43, 44. Although three diffusion 
directions were modelled inside a voxel, in practice, the third diffusion direction was 
negligible. The second diffusion direction, however, contributed considerably to model the 
underlying white matter architecture according to the ARD criterion 9. This is particularly 
evident in regions with crossing fibres such as the decussation of the DRTTs (Figure 5.3D).
The tractography algorithm yielded well-defined most likely pathways between the dentate 
nuclei in the cerebellum and the contralateral thalami (Figure 5.4). The tracts displayed a 
Figure 5.4 Probabilistic tractography of the DRTTs overlaid on the structural image (coronal view). Green 
and red tracts originate from the left and right dentate nucleus, respectively. The slice in (A) is located 3.1 mm 
anterior to the slice (B).
A B
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high degree of symmetry. From the seed region in the dentate nucleus, the reconstructed tract 
exited the hilum of the dentate nucleus to enter the superior cerebellar peduncle. The crossing 
to the contralateral side occurs at the level of the mesencephalon for both the left and right 
DRTT. Superior from the decussation, the DRTT traverses and encapsulates the red nuclei. 
Then, the tracts branch out into their target regions in the thalamus.
The modified Heidenhain-Woelcke appeared to properly stain the DRTT and provided good 
contrast between the DRTT and adjacent structures (Figure 5.5). As expected, deformations 
Figure 5.5 Histological axial sections stained for myelin with the modified Heidenhain-Woelcke stain at different 
levels of the cerebellum and the pons. (A): The unstained dentate nucleus (white arrow) is clearly visible and 
characterized by its dented pattern. (B): The wedge-shaped structures represent the DRTTs (white arrow for 
left DRTT) in the superior cerebellar peduncles. (C): The decussation (white arrow) of left and right DRTTs at 
the level of the mesencephalon. (D): Close-up from (A) of the left dentate nucleus. The white matter enclosed 
by the dentate nucleus forms the origin of the DRTT. (E): Close-up of the DRTT within the superior cerebellar 
peduncles. Densely packed white matter is surrounding the DRTT at this level. Difference in texture allowed 
for differentiation of the DRTT with adjacent white matter indicated by the white arrows. The dashed outline 
indicates the right DRTT in this section. (F): Close-up from (B) of the DRTT (white arrow and outline, for left 
and right DRTT, respectively) within the superior cerebellar peduncle, but more superior located as in (E). (G): 
Close-up from (C) of the decussation (white outline) of the superior cerebellar peduncles in the mesencephalon.
A CB
D E
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Figure 5.6 3D reconstruction of the histological sections from the cerebellum and brainstem. (A) and (B) 
depict a coronal view before and after affine registration of the stacked slices, respectively. Following affine 
registration, a non-linear registration approach was applied and represented in a coronal (C) and sagittal view 
(E). Alignment of internal structures significantly improved after this step and was most pronounced in white 
matter. Corresponding MRI slices for (C) and (E) are depicted in (D) and (F), respectively. 
A B
C
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were observed in the histological sections due to tissue processing and microtomy. These 
deformations were fairly severe in some cases illustrating the necessity of spatial correction 
for accurate 3D reconstruction. The 3D reconstruction after an affine registration scheme 
only produced reasonable results in terms of global alignment of the slices, but misalignment 
of internal structures was clearly noticeable. The diffeomorphic registration approach 
significantly reduced misalignment between the slices as it aims to warp corresponding 
structures to each other (Figure 5.6). Segmentations of the DRTTs were obtained from the 
histological 3D reconstruction (Figure 5.7).
Overlaying the segmentation and binarized tractography maps thresholded at a set of 
connectivity values allowed calculation of the overlap characteristics (TP, FP, TN, FN: Figure 
5.8). ROC analysis indicates worse performance (i.e. a lower area under the ROC curve) in 
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the decussation in the mesencephalic region as compared to the other regions (Figure 5.9A). 
SIs were calculated as a function of threshold. An optimal threshold was defined where 
SI is maximal in the superior cerebellar peduncle (Figure 5.9B, Table 5.2). This optimal 
threshold was 0.1%. I.e. voxels that had at least 0.1% of the total number of streamlines 
P
S
L
Figure 5.7 DRTT segmentation from 3D histological reconstruction. ROIs of the DRTT are labelled in: blue, 
dentate nucleus; green, superior cerebellar peduncle and red, decussation in the mesencephalic region. 
Orientation labels: S, superior; P, posterior; L, left. 
Table 5.2 Maximum values for the similarity indices
Total tract Mesencephalic region Superior cerebellar peduncle Dentate nucleus
Left DRTT 0.65 0.62 0.68 0.68
Right DRTT 0.66 0.56 0.77 0.71
Both DRTTs 0.66 0.59 0.72 0.69
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Figure 5.8 Tractography (blue, at arbitrary threshold) compared by overlaying tractography with the histological 
segmentation of the tract of interest (red) in the axial slices of the histological volume. Regions of the dentate 
nucleus (A), superior cerebellar peduncle (B) and decussation in the mesencephalon (C) are depicted. (D): ROI of 
the dentate nucleus with measures for ROC analysis; TP=True Positives, FP=False Positives, TN=True Negatives, 
FN=False Negatives.
B
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Figure 5.9 ROC curves for total tract and separate regions averaged for both left and right DRTT. (B): Similarity 
Index as a function of the connectivity threshold. (C): Spatial extent of the FNs at optimal threshold. The optimal 
threshold is defined as the threshold where the Similarity index is maximal.
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margin of 1 mm included 95% of all DRTT fibres within the dentate nucleus and superior 
cerebellar peduncle (Figure 5.9C).  
Discussion
For the first time, a combination of probabilistic tractography, a myelin stained 3D tract 
reconstruction and spatial metrics have been demonstrated to study the anatomical 
accuracy of tractography in a white matter bundle: the dentaterubrothalamic tract. A 
good agreement between tractography and the 3D segmentation was demonstrated by the 
method presented here. 
The modified Heidenhain-Woelcke stain 12, 33 provided excellent contrast between the 
DRTT and adjacent tracts. Even in regions with similar colour intensity, histological slices 
provided a texture contrast that allowed distinguishing the DRTT from fibre bundles in 
close proximity (Figure 5.5D). To date, MRI is unable to provide such detail. 
Visual comparison of tractography results and histology results showed a fairly good 
agreement. An ROC analysis was conducted to quantify the results. High sensitivity in the 
ROC curve corresponds to a high number of voxels overlapping in the binarized tractography 
and histology masks relative to the total number of histology voxels. Higher thresholds on 
the tractography connectivity maps will result in a lower number of tractography voxels, 
with lower sensitivity and higher specificity. Specificity in this context represents the 
number of true tract-negative voxels relative to the total number of histology-negative 
voxels. Specificity is thus influenced by the size of the compared volumes or rather, the 
number of zeros in these binary masks. Therefore, another quantitative measure, the Dice 
similarity index (SI), was introduced to evaluate tracking results more informatively. Our 
results demonstrate a maximum SI of 0.72 at the level of the superior cerebellar peduncle. 
Less overlap was found in the decussation of the DRTTs (Figure 5.9B). This can be explained 
by the profuse mingling of fibres from left and right superior cerebellar peduncle (Figure 
5.5G), prohibiting separate segmentation of the two bundles at this point. Therefore, the 
whole decussation was taken as reference in the analyses for both the left and the right 
DRTT (Figure 5.8C). This assumption inevitably led to relatively many false negatives in 
the decussation, but it may be argued whether these were truly false negatives. 
It is worth noting that the histological sections suffer from deformations when compared 
to their MRI reference slices. These deformations arise from various causes including 
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histological preparations such as fixation, dehydration, embedding and microtome cutting 18. 
Tissue deformations were inevitable and were more pronounced in the cerebellar cortex 
than in cerebellar white matter. A non-linear registration approach was chosen to effectively 
correct for these deformations. Alignment of the non-linear histological reconstruction 
was significantly improved when compared to the histological reconstruction after affine 
co-registration of the slices (Figure 5.6), in particular for white matter regions. The 
ANTs registration toolbox allowed for this reconstruction by modelling a multivariate 
normalization approach. The multivariate normalization included not only the reference 
MR slice for each moving histological slice, but also two neighbouring histological slices 
to correctly align structures within the cerebellum. Such approach was previously applied 
in a volumetric reconstruction of the hippocampal sections 1 and deemed appropriate for 
the data presented here.
The results of this study implicate that post mortem reconstruction of the DRTT with the 
use of tractography fairly well represents its true anatomical position. Tractography may 
well be used as a way to visualize this tract in vivo in patients and controls and to study 
differences in volume or integrity of the white matter tracts. This will provide valuable 
information on the working mechanism of the cerebellum and the anatomical substrate 
and even pathophysiology of non-motor cerebellar disorders. In the future this knowledge 
may lead to better treatment options or even prevention of devastating syndromes such as 
the cerebellar mutism syndrome, for example by changing the surgical approach, trying to 
avoid the regions that appear most vulnerable.
When comparing groups of patients and normal controls, errors in the reconstruction of the 
tract (caused by region of interest selection, transformation and the reconstruction algorithm 
itself) will be averaged out by the group-wise approach and will not have a significant impact 
on the outcome 69. Information on cerebellar structure-function correlations, as derived 
from large trials, may lead to modifications in the surgical approach of cerebellar lesions. 
A personalized surgical approach based on tractography in the individual patient might be 
a future possibility, although current evidence is insufficient to support this. 
The results presented here are not easily extrapolated to a clinical situation, where diffusion 
protocols take 20 minutes rather than 32 hours. In this respect, it should also be considered 
that post mortem DWI is different from conventional in vivo DWI. Fixed brains experience 
alterations in tissue properties owing to tissue degeneration after death and protein cross-
linking caused by the fixative. Reduced apparent diffusion coefficient (ADC) 62 and T1 - and 
T2 signal 17, 44, 50 are noticeable MR effects due to these alterations. It is suggested that the 
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reduction in T2 is at least partly driven by the presence of the fixative in tissue 45. In the present 
study, the specimen was soaked in phosphate buffered saline prior to scanning to counteract 
the decrease in T2 relaxation 57. Soaking of the specimen might be an explanation for the 
intensity inhomogeneity that is observed in our data (Figure 5.3). No signs of pathology 
were found after microscopic inspection of histological sections. The immersion time of 
72 hours may not have been sufficient to reach inner regions.
Although the tissue alterations are problematic for diffusion imaging, post mortem DWI 
certainly has some advantages compared to in vivo DWI. Lower image distortion and a 
higher resolution (spatial and angular) are the main benefits of post mortem DWI, because 
there is basically no restriction on scan time. For the DW-SSFP sequence in particular, 
characterized by short TR and the use of a single diffusion-encoding gradient 44, diffusion 
weighting is acquired without requiring long TE. The sequence is unsuitable for in vivo 
DWI, because of its high sensitivity to motion, which is clearly excluded in post mortem 
tissue. In addition, it has been demonstrated that DW-SSFP performs significantly better 
than a conventional DW spin-echo sequence in post mortem brains 45. 
It may be argued whether the good agreement between tractography and histology as found 
in this study, may be generalized towards validity of tractography for the DRTT. Ideally, 
tractography should have been verified in more than one subject and both in vivo as well 
as post mortem. The latter was previously followed in animal studies, but is infeasible in 
human tissue due to ethical considerations. 
Nevertheless, regarding the fact that a voxel-by-voxel comparison was done for both left 
and right DRTT, the large number of measurements was deemed adequate to reliably 
compare the two modalities. Whereas the individual anatomy may vary between subjects, 
the physical characteristics that tractography and histology are based on are probably similar 
among different subjects. Tractography is based on the diffusion of water molecules in white 
matter and myelin staining is based on the presence of lipoproteins in the neuroceratine 
skeleton of myelin sheaths 12. The overlap between tractography and histology depends on 
these tissue characteristics, not on the individual anatomy and will probably be of similar 
extent in different subjects. 
Alternatively, validation of post mortem tractography could be accomplished following 
a step-wise approach, in which the first step would be to investigate the anatomical 
correspondence of post mortem tractography, as was done in this study. The second step 
would comprise a comparison between in vivo and post mortem tractography in non-
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human species followed by in vivo tractography studies in multiple subjects to address the 
question of inter-individual anatomical variation. In this respect, Takahashi et al. already 
demonstrated the ability to reconstruct the superior cerebellar peduncle in post mortem high 
angular resolution diffusion imaging datasets in both adults 65 and during developmental 
stages 64. Further, the DRTT was studied in 15 healthy subjects and was successfully 
reconstructed with tractography in all subjects using a 1.5 T MRI scanner 38. Similar studies 
involved mapping of the DRTT in healthy subjects 49 and patients with cerebellar lesions 41, 67 
at 3T. Although anatomical verification is lacking in these studies, in general tractography 
seems to follow the known anatomy of the DRTT as described by textbooks 48. Indeed, a 
probabilistic white matter atlas of the cerebellum, based on high-quality, high-resolution 
data acquired from 90 subjects participating in The Human Connectome Project, will 
address the inter-individual variability 69.
It should be stated that the results of this study are only valid for the DRTT and cannot be 
extrapolated to other white matter tracts. However, combining probabilistic tractography and 
three-dimensional histological tract reconstruction into an ROC approach, as demonstrated 
in this work, may be adopted to evaluate tractography accuracy in other white matter tracts.
Conclusion
Tractography of the dentaterubrothalamic tract, which is the main output tract of the 
cerebellum, has a fairly good spatial overlap with its histological three-dimensional 
reconstruction. Although this may not be extrapolated to a clinical decision-making 
situation, it does support tractography as a reliable tool for tract localization in experimental 
studies. 
Regarding non-motor cerebellar syndromes, reconstruction of the DRTT with tractography 
in patients versus controls may help in the search for their anatomical substrate. 
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Abstract
Imaging of the cerebellar cortex, deep cerebellar nuclei and their connectivity are 
gaining attraction, due to the important role the cerebellum plays in cognition and 
motor control. Atlases of the cerebellar cortex and nuclei are used to locate regions of 
interest in clinical and neuroscience studies. However, the white matter that connects 
these relay stations is of at least similar functional importance. Damage to these 
cerebellar white matter tracts may lead to serious language, cognitive and emotional 
disturbances, although the pathophysiological mechanism behind it is still debated. 
Differences in white matter integrity between patients and controls might shed light 
on structure-function correlations. A probabilistic parcellation atlas of the cerebellar 
white matter would help these studies by facilitating automatic segmentation of the 
cerebellar peduncles, the localisation of lesions and the comparison of white matter 
integrity between patients and controls. 
In this work a digital three-dimensional probabilistic atlas of the cerebellar white 
matter is presented, based on high quality 3 Tesla, 1.25 mm resolution diffusion MRI 
data from 90 subjects participating in the Human Connectome Project. 
The white matter tracts were estimated using probabilistic tractography. Results 
over 90 subjects were symmetrical and trajectories of superior, middle and inferior 
cerebellar peduncles resembled the anatomy as known from anatomical studies. 
This atlas will contribute to a better understanding of cerebellar white matter 
architecture. It may eventually aid in defining structure-function correlations in 
patients with cerebellar disorders.
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Introduction
Atlases of the cerebellar cortex and cerebellar nuclei are of great value, but they are not 
sufficient to map cerebellar anatomy. The white matter that connects these relay stations in 
the cerebro-cerebellar circuitry is also vital to function. In order to determine white matter 
structure-function relationships, dedicated cerebellar white matter atlases are needed.
Structural and functional imaging studies of the cerebellar cortex and deep cerebellar nuclei, 
as well as cerebellar connectivity studies are gaining attraction due to the important but 
previously under-estimated role of the cerebellum in non-motor function 11, 25, 38, 39, 41. In fact, 
damage to the cerebellar white matter has been associated with many cognitive, language 
and emotional disorders, i.e. in spinocerebellar degeneration, autism spectrum disorder 
and cerebellar mutism 6, 21, 23. However, the exact pathogenesis is still under discussion. 
On the one hand, cerebellar cortical areas seem to be directly involved in language and 
cognitive functions 39 . White matter lesions may disconnect these areas. On the other hand, 
cerebellar white matter lesions might lead to a hypoactivity in supratentorial areas of the 
brain by disruption of the cerebello-cerebral circuitry, resulting in language and cognitive 
dysfunction 10, 44. The relationship between type and location of the white matter lesion, 
supra- or infratentorial cortical hypoactivity and clinical deficits has not been clarified yet. 
To allow optimal analysis and interpretation of cerebellar studies, atlases of the cerebellar 
cortex and nuclei are used to locate regions of interest. Duvernoy’s Atlas provides beautiful 
anatomical images of brain stem and cerebellum, but the information is two-dimensional 
and not in standard space 17. Schmahmann et al (1999) provided the first digital three-
dimensional atlas of cerebellar lobules and fissures in the stereotaxic space of Talairach 
and Tournoux 35. In 2006, Diedrichsen et al developed a Spatially Unbiased Infratentorial 
Template for the cerebellum (SUIT), to overcome problems with anatomical inaccuracy in 
the cerebellar region with the commonly used MNI template 13. Based on the 1999 atlas of 
Schmahmann et al, Diedrichsen et al also developed a cerebellar cortical parcellation atlas in 
standard space (MNI as well as their own SUIT template) which is convenient in cerebellar 
functional MRI studies 14. In 2011, they added a probabilistic atlas of the cerebellar nuclei 15. 
Although the above mentioned atlases facilitate segmentation of cerebellar lobules and 
nuclei, they do not cover the cerebellar white matter. Ideally, researchers would provide 
detailed information on the exact lobule or peduncle measurements are taken in. However, 
locating each cerebellar area in every subject is very time-consuming and requires a 
thorough understanding of cerebellar anatomy. A digital atlas would allow the automatic 
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localization of white matter structures in the cerebellum, resulting in easier and more 
efficient segmentations. 
Further, the atlas would provide a template facilitating between-group analyses in clinical 
studies. Data from large cohorts of patients with cerebellar disorders and healthy subjects are 
needed in order to compare the anatomy and integrity of white matter fibers in both groups. 
However, to be able to combine and compare data from multiple subjects, measurements 
should be made in a common reference space. Ideally, the same template should be used 
by all investigators to facilitate comparisons not only between groups of subjects, but also 
between studies. 
At present, the only method to non-invasively investigate the three-dimensional architecture 
of white matter tracts and their integrity in-vivo, is Diffusion Weighted Imaging (DWI). This 
MRI technique is based on the diffusivity of water molecules, being larger in the direction 
parallel to the axons compared to the perpendicular direction 5. Fiber tracking algorithms 
use information provided by these directional diffusion measurements to reconstruct 
trajectories of fiber tracts 28. At present, tractography has allowed the visualization of major 
fiber tracts in the human brain 9, 29, 31, 49. 
Only a few tractography based white matter atlases actually include the cerebellum. Most of 
them are unable to demonstrate the decussation of the superior cerebellar peduncles (SCP) at 
the level of the mesencephalon 29, 33, 49. As is known from dissection and histological studies, 
left and right SCP decussate in the mesencephalon and traverse towards the contralateral 
thalamus 12, 27, 30, 37.
The absence of the decussation is probably due to the use of the diffusion tensor model 
for fiber orientation estimation in these studies 47. This method is known for its inability 
to accurately represent crossing fiber regions. Furthermore, a deterministic approach to 
tractography is often used, which does not explicitly account for measurement inaccuracies 
and uncertainties 7. In 2014, Varentsova et al developed a probabilistic version of the Illinois 
Institute of Technology (IIT) atlas 46. Data were derived from multiple subjects, however 
these diffusion weighted data were of relatively low angular resolution. To overcome this 
limitation, data from multiple subjects were combined, leading to a dataset with diffusion 
weighted measurements along a large number of different directions. Fiber orientation 
distributions were estimated using constrained spherical deconvolution 42, 43. This method 
extracts more directional information from the diffusion signal than the diffusion tensor 
model and allows the estimation of fiber crossing patterns. Indeed, the IIT atlas is the first to 
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demonstrate fiber crossings at the decussation of the SCPs. Unfortunately, that information 
is not included in their parcellation map (https://www.nitrc.org/projects/iit2).   
It follows that current atlases have certain limitations. First, they are developed by averaging 
multiple diffusion datasets before performing tractography 29, 33, 46, 49. This may lead to a loss of 
information regarding the intersubject anatomical variability. Preferably, tractography should 
be performed individually in every subject followed by averaging of these tractography results. 
Second, previous atlases are based on the Montreal Neurological Institute (MNI) template. 
This template is mainly developed for supratentorial gray matter, with little anatomical detail 
in the cerebellum. The loss of detailed information is probably due to individual differences 
in the angle between the brainstem and cerebellum 13. Third, most previous atlases have 
not been able to demonstrate the correct anatomical position of the SCPs 9, 29, 34, 47. Fourth, 
most atlases use deterministic tractography and/ or the diffusion tensor models, thus not 
accounting for uncertainty at the individual level and potential complex fiber patterns. The 
one study that does use probabilistic tractography is based on tractography in a single high-
angular resolution dataset in standard space that was derived from combining multiple subject 
low-angular data, but its parcellation map does not incorporate the crossing of the SCPs 46.
We present an atlas that overcomes these shortcomings. It contains a digital three-dimensional 
parcellation map of the cerebellar white matter, based on high quality (high spatial and angular 
resolution) 3 T diffusion MRI data from 90 subjects participating in the Human Connectome 
Project 36, 45. The probabilistic information is represented in the most commonly used MNI 
template system, but to overcome the earlier mentioned limitations associated with MNI, it 
is also presented in the spatially unbiased infratentorial (SUIT) template 13. 
Methods
Subjects & MRI data
MRI datasets of 90 healthy volunteers in the age range of 22 to 35 (mean age 30), were 
obtained from the Human Connectome Project database (http://www.humanconnectome.
org) 45. 
The sample included 55 females and 35 males. Seventy-eight subjects were right-handed, 
eight were left-handed and three subjects were ambidextrous. None of the subjects had prior 
diagnosis of neurological or psychiatric disease and no structural abnormalities were found 
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in their scans. Subjects were scanned on a customized Siemens 3T “Connectome Skyra” 
scanner at Washington University at a notably high resolution. Main diffusion parameters 
include a multiband factor of 3 26, nominal voxel size of 1.25 x 1.25 x 1.25 mm, and 270 
diffusion weighted scans (each acquired twice) equally distributed over 3 shells defined 
with b-values of 1000, 2000 and 3000 s/mm2 36, 45.  
Data processing
The diffusion data were preprocessed using the HCP diffusion pipelines 18, 36. Briefly, 
distortions were corrected using a model-based approach that simultaneously considers 
susceptibility and eddy-current induced distortions, as well as head motion 2, 3. Fiber 
orientations were estimated using a parametric deconvolution approach that accounts for 
crossing fibers and partial volume, as well as the non-monoexponential decay in b-space 20. 
Bayesian inference of the model parameters and automatic relevance determination of the 
crossing patterns was performed using the relevant FSL toolbox 7. The estimated orientations 
were then used for reconstructing cerebellar white matter tracts using probabilistic 
streamline tractography. 
Tractography
Regions of interest (ROI), which were used for tractography, are shown in Figure 6.1. They 
were segmented either using existing atlases or drawn manually on structural images or 
fractional anisotropy (FA) maps from the 1 mm non-linear MNI template using ITK-SNAP 48. 
T1 and DWI volumes of individual subjects were registered to the 1 mm MNI template 
using the HCP pipelines 18.  
For the superior cerebellar peduncle (SCP), the seed region was chosen in the ipsilateral 
dentate nucleus (Figure 6.1A, bottom). The contralateral thalamus (Figure 6.1A, top), taken 
from the Oxford Thalamic Connectivity Atlas 8 at a 50% threshold, was chosen as waypoint 
as well as stop region (i.e. streamlines had to go through the thalamus to be considered 
valid and they were terminated upon entering the thalamus).
For the middle cerebellar peduncle (MCP), the seed region was chosen in the ipsilateral 
pons (at X=88 for right and X=91 for left MCP) (Figure 6.1B, top and bottom). The non-
linear 1 mm Probabilistic Atlas of the Cerebellum 14, representing the average cerebellar gray 
matter probability, thresholded at 50%, was chosen as waypoint as well as stop region (Figure 
6.1B, bottom). An exclusion mask in the midline of the posterior fossa was used to prevent 
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Figure 6.1 Regions of interest used for tractography, overlaid on the 1 mm T1-weighted MNI template. A. 
Regions of interest for estimating the superior cerebellar peduncle (SCP). Top panel: thalamic subnuclei from 
the Oxford Thalamic Connectivity Atlas 8, pictured in dark red, were used as waypoint and stop masks. Bottom: 
right and left dentate nuclei depicted in khaki green were used as seed masks. B. Regions of interest for 
estimating the middle cerebellar peduncle (MCP). The belly of the pons was segmented in the sagittal plane 
at X=88 for the right MCP (yellow) and X=91 for the left MCP (orange), which were used as seed masks. The 
Probabilistic Atlas of the Cerebellum 15, thresholded at 50%, was chosen as a waypoint and stop mask (blue). 
An exclusion mask was drawn in the mid-sagittal plane at X=89 (red) to prevent streamlines from crossing to 
the contralateral hemisphere. C. Regions of interest for the inferior cerebellar peduncle (ICP). Seed regions in 
the restiform body (bright green) were placed at Z=24 based on the 1 mm FA skeleton. Again, the Probabilistic 
Atlas of the Cerebellum 15, thresholded at 50%, was chosen as waypoint and stop region (blue) and the mid-
sagittal exclusion mask was used. A second exclusion mask was located in the tonsils to prevent streamlines 
from crossing the cerebello-medullary fissure (pink).
A. ROIs for SCP
B. ROIs for MCP
C. ROIs for ICP 
A. ROIs for SCP
B. ROIs for MCP
C. ROIs for ICP 
C. ROIs for ICP
B. ROIs for MCP
A. ROIs for SCPA. ROIs for SCP
B. ROIs for MCP
C. ROIs for ICP 
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streamlines from crossing to the contralateral side, either through the pons or through the 
cerebellar cortex which is continuous through both hemispheres (Figure 6.1B, middle). 
For the inferior cerebellar peduncle (ICP), the seed region was chosen in the ipsilateral 
restiform body (Figure 6.1C, top, green ROI). Again, the non-linear 1 mm Probabilistic 
Atlas of the Cerebellum 14, thresholded at 50%, was chosen as waypoint as well as stop 
region and the posterior fossa midline was chosen as exclusion mask. Finally, to prevent 
streamlines from entering the cerebellum directly from the restiform body by crossing the 
cerebellomedullary fissure, an exclusion mask covering the tonsils, which were extracted 
from the Probabilistic Atlas of the Cerebellum 14, was used (Figure 6.1C). 
Tractography was performed in individual subjects using the probabilistic implementation 
in FSL 7. Default settings were used: curvature threshold 78o; 5000 streamlines per voxel; 
maximal number of steps 2000; step length 0.5 mm; “loopcheck” to terminate streamlines 
that loop back on themselves and “one way condition” to ensure that the exclusion/inclusion 
criteria are applied to the streamlines regardless of their starting orientation polarity. For 
the SCP, a maximum of 275 steps (13.5 cm path length) was used to prevent streamlines 
from passing between thalamic subnuclei via the tectal plate to the contralateral side. The 
“one way condition” was left out for tractography of the ICPs in order to demonstrate 
streamlines at both sides of the seed ROI in the brain stem. 
Tractography was performed for every peduncle (left and right SCP, left and right MCP and 
left and right ICP) separately, resulting in 6 different output volumes per subject. The path 
distribution output for each peduncle was represented in the MNI space (same space as the 
input ROIs). For each voxel, the ratio of the number of traversing streamlines relative to the 
total number of generated valid streamlines was computed, resulting in “path probability 
maps” for each peduncle. 
Atlas creation
For every subject, the path probability maps of superior, middle and inferior cerebellar 
peduncles were binarized, based on a threshold at their 50th percentile. Averaging the 
binary maps of all 90 subjects resulted in the final probabilistic atlas, in which each voxel 
represents the proportion of subjects in whom that voxel actually belongs to a specific tract. 
(i.e. the probability, expressed as a ratio between 0 and 1. This probability is different from 
the path probability, which is the streamline ratio as determined by tractography. The final 
probabilistic atlas included all 90 subjects.
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To examine the convergence of tractography results with an increasing sample size, the 
averaging of the path probability maps was evaluated in bins of ten subjects. For each 
peduncle, average path probability maps were calculated from 10, 20, …, 90 subjects. 
The absolute differences between subsequent group-averaged path probability maps were 
calculated per voxel. The percentage change, expressed as the sum over all voxels in the path 
difference map divided by the sum over all voxels in the previous path probability map, is 
a measure of the effect of adding another ten subjects in the development of the final atlas. 
The threshold chosen to indicate convergence was 5%. To confirm this convergence, the 
voxel-wise standard error of the mean was calculated for subsequent maps. 
For visualization purposes and practical application, the group-probabilistic atlases were 
binarized into parcellation maps based on thresholds of 10, 50 and 90% of their “robust 
intensity range”, which calculates values similar to the 2% and 98% percentiles. The MNI 
compatible parcellation maps were then non-linearly transformed into the SUIT template 
using the SUIT toolbox version 2.7 (http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.
html) 13.
Results
The cerebellar peduncles were successfully reconstructed in all subjects. Tractography results 
strikingly matched the layered white matter anatomy as known from classical dissection 
studies (Figure 6.2). The SCP (or brachium conjunctivum) layed deepest, being situated in 
the upper roof of the fourth ventricle. The SCPs crossed to the contralateral thalamus at 
the level of the mesencephalon. The course of the SCPs at the level of the decussation was 
close to horizontal.
The ICP (or corpus restiforme), which has a cylindrical aspect at the level of the medulla, 
flattens at the level of the inferior part of the fourth ventricle and is squeezed between the 
superior and middle cerebellar peduncles before its fibers fan out towards the anterior 
vermis and lobules (Figure 6.3). More ICP fibers entered the anterior lobules (lobule I to 
V; anterior to the primary fissure) (black arrowheads), compared to the posterior lobules 
(lobule VI to VIII; posterior to the primary fissure) (white arrowheads). On the other hand, 
the majority of fibers from the MCP (or brachium pontis) run to the posterior rather than 
anterior lobules (Figure 6.3). This was assessed by calculating the mean path probability per 
voxel in anterior versus posterior lobules (lobule I to V and lobule VI to VIII, respectively) 
in the average path probability map over all 90 subjects. For the right and left MCPs, the 
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Figure 6.2 Correspondence of tractography results with textbook anatomy. A and C: final probabilistic atlases 
showing the three cerebellar peduncles. A, view from left posterolateral side matches the left-lateral view from 
panel B, representing the anatomy of the three cerebellar peduncles as it appears in textbooks. With permission 
from 30. C, left cerebellar peduncles from a posteromedial view. Note how the inferior cerebellar peduncle is 
squeezed between superior and middle ones. Orange: superior cerebellar peduncle; green: middle cerebellar 
peduncle and blue: inferior cerebellar peduncle. Arrowhead points at the aberrant tract of the left superior 
cerebellar peduncle. In A, MCP and ICP are made translucent for better visualization, but no thresholds were used.
B
C
A
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mean path probability was 0.0057 (SD 0.0103) and 0.0082 (SD 0.0142) in anterior lobules, 
whereas in posterior lobules it was almost three times as high: 0.0198 (SD 0.0257) and 
0.020 (SD 0.0289). For the right and left ICPs, on the other hand, the mean path probability 
was 0.0035 (SD 0.0138) and 0.0084 (SD 0.0219) in anterior lobules, whereas in posterior 
lobules it was more than three times as low: 0.0009 (SD 0.0018) and 0.0013 (SD 0.0022).
The final probabilistic atlas showed two aberrant fiber tracts at low probability thresholds 
(Figure 6.4). Bilaterally, streamlines were generated from the ICP seed region, crossing the 
lateral cerebellomedullary fissure into the flocculus. Further, aberrant streamlines branched 
out from the dorsal aspect of the SCPs travelling upward at the posterolateral side of the 
aqueduct towards the thalamus (Figures 6.2 and 6.4). 
Figure 6.3 Tractography results of left inferior (ICP) and middle cerebellar peduncle (MCP) in 3D. Left 
posterolateral view of the inferior (blue) and middle (green) cerebellar peduncle based on the group probability 
maps of 90 subjects. No thresholds were applied. Note that the ICP fibers run primarily towards the anterior 
cerebellar lobules (black arrowhead), whereas MCP fibers run toward posterior lobules (white arrowhead).
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Figure 6.4 Aberrant tracts of the superior and inferior cerebellar peduncles. From left to right transverse (A 
and D), coronal (B and E) and sagittal (C and F) images of the final probabilistic atlas are shown. A, B and C: 
bilaterally, aberrant tracts (white arrowheads) run posteromedial to the true superior cerebellar peduncles 
(black arrowheads). Bilateral aberrant tracts seem to connect at the level of the posterior commissure. The 
(group-)probability in the majority of voxels is below 0.15. Crosshair coordinates are X=94, Y=99 and Z=69. 
D, E and F: aberrant tracts run bilaterally from the inferior cerebellar peduncle directly towards the flocculus, 
traversing the cerebellomedullary fissure. Probability values are up to 0.3 which is higher than in the aberrant 
fibers of the SCP. Crosshair coordinates are X=105, Y=86 and Z=27. For these images, no thresholds were set.
A B C
D E F
A B C
D E F
A B C
D E F
A B C
D E F
A
D
C
F
F
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The final probabilistic atlas was thresholded at 10, 50 and 90 percent of its robust range to 
make the binary parcellation maps (Figure 6.5).
Regarding the individual tractography results, a considerable variability was observed in 
the total number of streamlines between subjects as well as between tracts, demonstrating 
the need for inclusion of a large number of subjects. In line with the size of the seed and 
target ROIs, the right and left MCP had the largest number of retained streamlines per 
subject. The amount of streamlines that was generated in superior and inferior cerebellar 
peduncles was comparable (Table 6.1). In the MCP and ICP, the number of streamlines 
was normally distributed, whereas in the SCP the frequency distribution was skewed to the 
left, indicating an increasing number of subjects with a decreasing number of streamlines. 
However, after normalization of the number of streamlines per voxel to path probabilities, 
and averaging these path probabilities of all 90 subjects, the SCP appeared to have the highest 
path probability per voxel when averaged over all non-zero voxels (Table 6.1).
As expected, increasing the number of subjects contributing to the atlas resulted in 
convergence of the data (Figure 6.6). After 80 subjects, the effect of another batch of 10 
subjects was 5% or less for all tracts. The change in voxel-wise standard error of the mean 
(SEM) is shown in Figure 6.7, demonstrating stabilization over the extent of the peduncles 
after about 80 subjects.
Table 6.1 Streamline total counts and ratios for the cerebellar peduncles. First column: mean number of 
retained streamlines in 90 subjects and corresponding standard deviations (second column). Third and fourth 
column show the mean path probability (number of streamlines per voxel, relative to the total number of 
retained streamlines in the tract) and its standard deviation, when path probability maps are averaged over 
all subjects.
Total number of retained streamlines 
( N=90)
Path probability (number of 
streamlines per voxel, relative to total 
number of retained streamlines)
Mean SD Mean SD
Right SCP 65.223 54.746 0.19 0.86
Left SCP 58.113 51.079 0.20 0.88
Right MCP 684.607 139.206 0.02 0.10
Left MCP 674.813 132.308 0.02 0.09
Right ICP 41.443 13.148 0.03 0.25
Left ICP 74.844 15.607 0.03 0.21
112
Atlas of cerebellar w
hite m
atter
6
Figure 6.5 Illustration of the digital three-dimensional parcellation map of the cerebellar white matter, derived 
by applying thresholds of 10, 50 and 90 percent of its robust range to the final (group-) probabilistic atlas. 
Orange: superior cerebellar peduncle; green: middle cerebellar peduncle; blue: inferior cerebellar peduncle. 
Coordinates are in MNI space, background is the 1 mm T1 weighted MNI template. A, transverse sections from 
cranial to caudal. The decussation of the superior cerebellar peduncles is visible at Z=55. 
Z=60 Z=55
Z=50
Z=40
Z=30
Z=45
Z=35
Z=20
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Y=105
Y=65
Y=100
Y=95 Y=90
Y=80Y=85
Y=75
Figure 6.5 Continued. B, coronal sections from anterior to posterior. The decussation of the superior cerebellar 
peduncles is visible at Y=100. 
114
Atlas of cerebellar w
hite m
atter
6
90
%
 t
h
re
sh
o
ld
50
%
 t
h
re
sh
o
ld
10
%
 t
h
re
sh
o
ld
90
%
 t
h
re
sh
o
ld
50
%
 t
h
re
sh
o
ld
10
%
 t
h
re
sh
o
ld
90
%
 t
h
re
sh
o
ld
50
%
 t
h
re
sh
o
ld
10
%
 t
h
re
sh
o
ld
M
C
P
SC
P
IC
P
X=
65
X=
75
X=
80
X=
83
X=
85
X=
95
X=
98
X=
10
0
X=
10
5
X=
11
5
X=
90
Fi
g
u
re
 6
.5
 
C
o
n
ti
n
u
ed
. C
, s
ag
it
ta
l s
ec
ti
o
n
s 
fr
o
m
 r
ig
h
t 
to
 le
ft
. N
o
te
 t
h
e 
le
ft
-r
ig
h
t 
sy
m
m
et
ry
.
115
Atlas of cerebellar w
hite m
atter
6
Figure 6.6 Percentage difference between subsequent path probability maps (group-averaged over an 
increasing number of subjects), expressed as the sum of the difference values between subsequent maps, 
divided by the sum of all values in the previous map. After 80 subjects, the modulating effect of another batch 
of 10 subjects is 5% or less.
Discussion
In this study, a new white matter atlas for the human cerebellum was proposed, based on 
high quality diffusion data of 90 subjects from the Human Connectome Project. Trajectories 
of superior, middle and inferior cerebellar peduncles strongly resemble anatomy as known 
from textbooks and are highly symmetrical (Figure 6.2 and 6.5). 
For the ICP, path probability values were higher in the anterior lobules compared to 
the posterior lobules. The reverse was the case for the MCP (Figure 6.3). This is in 
correspondence with the current hypotheses on topographical organization in the 
cerebellum, such that the anterior lobe and lobule VIII contain the representation of the 
“sensorimotor cerebellum” and lobules VI and VII of the posterior lobe comprise the 
“cognitive cerebellum” 40. Anterior lobules receive sensorimotor input from the body 
through the ICPs, and posterior lobules receive input from motor and non-motor areas of 
the cerebral cortex through corticopontocerebellar fibers 16. 
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Figure 6.7 Heatmaps of the standard error of the mean of subsequent group-averaged path probability 
maps. The SEM obviously decreases for SCP (upper panel), MPC (middle panel) and ICP (lower panel) with an 
increasing number of subjects.
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At low probability thresholds, aberrant tracts had been generated from the ICP, crossing the 
lateral cerebellomedullary fissure into the flocculus, as well as from the dorsal side of the SCP 
into the mesencephalic tectum (Figure 6.4). This is probably due to limitations in resolution 
and ability to resolve crossing fibers. Partial volume in voxels in the cerebellomedullary 
fissure may cause streamlines to “jump over” from brain stem to flocculus. Likewise, 
streamlines from the SCP may be erroneously tracked into the adjacent central tegmental 
tract or medial longitudinal fasciculus. However, the majority of these aberrant tracts do 
only appear at low probabilities. 
The MCP, which is the largest of the peduncles, had the most streamlines per voxel. However, 
when corrected for the total number of retained streamlines per tract, it was the SCP 
that had the highest path probability per voxel (Table 6.1). This is probably caused by the 
convergence of streamlines from the dentate nucleus through the narrow upper roof of the 
fourth ventricle into the mesencephalon. The low mean probability per voxel in the MCP, 
on the other hand, may be due to the fact that after leaving the seed region in the pons, the 
streamlines diverge widely into the surrounding cerebellar cortex. The convergence of the 
SCP, as well as the divergence of the MCP and ICP, thus reflect the white matter anatomy 
as currently known 27, 30. 
This atlas was based on diffusion data of 90 subjects, which is the largest cohort ever used 
for preparation of a white matter atlas. It was also shown that with a cohort of 80 subjects, 
the effect of adding another ten subjects is less than 5% (Figure 6.6). An additional analysis 
showed an obvious decrease of the Standard Error of the Mean per voxel (Figure 6.7). 
Therefore, the cohort of 90 subjects was deemed large enough for a reliable population-
based probability atlas of the cerebellar white matter. 
The anatomical position of the chosen inclusion and exclusion masks may be one of the 
most influential parameters in tractography. The high quality of the diffusion data made 
it possible to reconstruct the tracts without a lot of adjustments in tractography settings. 
However, the use of a midline exclusion mask through the posterior fossa prohibited the 
visualization of the anterior and posterior cerebellar commissures 4, 34. These fiber bundles 
are very small and in any case would have been hard to detect with tractography. Another 
exclusion mask was chosen in the cerebellar tonsils to prevent streamlines from crossing 
the cerebellomedullary fissure directly towards the cerebellar cortex. As a consequence, the 
cerebellar tonsils were excluded from the white matter atlas. This shortcoming to the atlas 
was deemed acceptable, because damage to the cerebellar tonsils does not seem to have 
immediate neurological consequences. Empirically, it is known that they may be surgically 
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removed without neurological sequelae. Further, a meta-analysis of functional MRI studies 
could not discover neurological functions that were exclusively ascribed to the cerebellar 
tonsils 39. It may however reflect their connectivity to the cingulate, precuneus and other 
areas of the default-mode network 22.
Another item that may have affected the results is that ROIs were drawn in MNI standard 
space and transformed to individual space before performing tractography. With possible 
variation in registration accuracy, this may have resulted in ROIs that deviate from their 
intended anatomical structures in individual space, resulting in different numbers of 
generated streamlines across subjects. This problem was accounted for by normalizing the 
number of streamlines per voxel to path probabilities. In addition, the effect of normalization 
and registration errors should have been minimized by the large sample size. Finally, we 
have used the HCP pipelines for registration that allows very accurate transformations 
between subject and standard spaces 18. 
There was an imbalance in male versus female and left- versus righthanded subjects. 
Especially this last aspect is of interest considering the known lateralisation in cerebellar 
functions 19, 24. One might anticipate differences in the cerebellar paths related to handedness 
or gender, based on previous studies that have already shown asymmetries, especially in 
the cerebrum 1, 32. However, the goal of this study was to develop a probabilistic atlas of the 
structural paths that is applicable to the general population. Future studies will address 
specifically this limitation and may explore how white matter volume and diffusion measures 
are correlated to specific cerebellar cortical functions and lateralization. 
Compared to the currently available cerebellar parcellation maps 29, 46, our results show a 
slightly more lateral position of the SCP in the roof of the fourth ventricle. Further, our 
parcellations extend further into the cerebellar hemispheres as well as the mesencephalon 
and clearly demonstrate the decussation of the SCPs (Figure 6.8).  
Perhaps the biggest advantage of our atlas is the fact that it is based on individual probabilistic 
tractography in a very large population of 90 subjects. Therefore, apart from the parcellation 
map, this atlas provides information on the probability per voxel that it actually contains 
fibers of a certain tract. Employing probabilistic tractography and state-of-the-art data quality 
allowed us to track reproducibly across subjects, including the decussation of the SCPs.
This atlas may be of great value in analyzing white matter integrity changes in cerebellar 
disorders such as tumor, stroke, or degeneration. The atlas will facilitate the segmentation 
of the cerebellar peduncles, the localisation of lesions and the comparison of white matter 
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integrity between patients and controls by simply applying the atlas’ ROIs and extracting 
diffusion measures for each subject. It may eventually aid in defining structure-function 
relationships in patients with cerebellar disorders. 
The high quality of these diffusion data evokes for detailed cerebellar studies investigating 
smaller white matter fiber tracts such as the cerebellar commissures and differentiating 
between climbing and mossy fibers and the corticonuclear projections. Future work may also 
investigate connectivity between cerebellar cortex and olivary, pontine, dentate or thalamic 
nuclei, throwing light on the cerebello-cerebral circuitry and the cerebellar organisation of 
sensorimotor and cognitive functions. 
Figure 6.8 Comparison of the parcellation map (at 10% probability threshold) presented in this study to the 
ones currently available. A, parcellation map of this study, showing the decussation of the SCPs (top panel; 
green and purple) and white matter segmentations, in particular the middle cerebellar peduncle, extending 
further into the cerebellar hemispheres (lower panel; blue) compared to the other maps. B, parcellation map 
of JHU (Johns Hopkins University) 29 in which a differentiation of the crossing pathways within the decussation 
of the SCPs is lacking (upper panel; pink and orange). C, Parcellation map of IIT (Illinois Institute of Technology) 
46 in which the color coding represents the most probable gray matter connection in that voxel. Note that 
right and left middle cerebellar peduncles (yellow) have the same color and the same segmentation intensity, 
suggesting one fiber tract instead of two separate tracts. Also, differentiation of the crossing pathways within 
the decussation of the SCPs is lacking. Top panel, Z=54; middle panel, Z=40; lower panel, Z=34.
A B C
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Conclusion 
This study presents a white matter atlas of the cerebellum, based on probabilistic 
tractography of high resolution, high quality diffusion MR data of 90 healthy subjects 
from the Human Connectome Project database. The atlas comes as a 3D probabilistic 
map, as well as binary parcellations at different probability thresholds. MNI – as well as 
SUIT – compatible versions of the atlas are freely available at www.nitrc.org (Neuroimaging 
Informatics Tools and Resources Clearinghouse) and www.nccn.nl (Neurosurgical Centre 
Nijmegen, The Netherlands).
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Abstract
The cerebellar nuclei appear to have a crucial role in the working mechanism of the cerebellum. To 
understand their function, thorough knowledge of their morphology and anatomical relations is 
mandatory. Imaging studies of the cerebellar nuclei can be very helpful to appreciate their anatomy but 
face several challenges. The nuclei are very small, they have low contrast and their three-dimensional 
morphology and anatomical relations are complex. Histological studies provide great detail but only in 
one sectioning plane. Information in all three cardinal planes would require three different specimens 
prohibiting any anatomical three-dimensional reconstruction. MRI, on the other hand, does indeed 
provide this three-dimensional information, but lacks detailed morphological information. Therefore, 
the correct identification of the individual cerebellar nuclei in MRI remains challenging. 
In this study, a three-dimensional histological reconstruction of the cerebellar nuclei was registered 
with a high resolution MRI of the same post mortem specimen – combining the best of both worlds. 
The main goal was to correctly identify the cerebellar nuclei in high power field MRI assisted by the 
three-dimensional histology. This would establish detailed anatomical information about the cerebellar 
nuclei and culminate into a digital, three-dimensional anatomical atlas at microscopic level. 
High resolution structural images of a post mortem cerebellum specimen were acquired with a 7 Tesla 
TRUFI SSFP (True Fast Imaging with Steady State Free Precession) sequence with an in-plane resolution 
of 350 micron and slice thickness of 450 micron. The specimen was then serially sectioned at a slice 
thickness of 10 micron and intersection gap of 200 micron. Slices were alternately stained for white 
matter or nuclei. Two- and three-dimensional linear and non-linear transformations were applied to 
register the histological three-dimensional volume to the MRI volume. After manual segmentation 
of the individual nuclei in the histological images, the nuclei were three-dimensionally reconstructed 
based on these affine transformations and superimposed on the MRI in order to correctly identify the 
cerebellar nuclei. 
The TRUFI sequence resulted in high contrast between cerebellar nuclei and the surrounding white 
matter. Yet in caudal sections the emboliform nucleus could not be distinguished from the medial 
dentate, and also the globose subnuclei were hard to distinguish from the fastigial nucleus. The nuclei 
were easier to recognize on transverse images compared to sagittal or coronal images. Histological images 
showed very high contrast and were highly detailed, resulting in precise and reliable segmentations. 
Sizes and volumes of the nuclei were comparable to previous histological studies. The three-dimensional 
reconstruction demonstrated some interesting morphological features of the nuclei. In the dentate 
nucleus there was a clear visual distinction between a ventrolateral (“cognitive”) part and a dorsomedial 
(“motor”) part. Overlay of the histological segmentations of the nuclei greatly facilitated the correct 
identification of the cerebellar nuclei in MRI. 
The cerebellar nuclei can be clearly visualized with a high resolution TRUFI sequence in a post mortem 
brain. Their correct identification remains difficult, however, and is aided by a three-dimensional 
histological reconstruction. This work resulted in a digital, three-dimensional atlas of the cerebellar nuclei 
that will be freely available online. The atlas may be helpful in studying the anatomy of the cerebellar 
nuclei and serve as a morphological reference for identification of the nuclei in individual subject data.
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Introduction
The cerebellar nuclei occupy a central position in the cerebellum. To understand their 
function, thorough knowledge of their morphology, connectivity and anatomical relations 
is mandatory.
In the past two decades, research concerning a role for the cerebellum in language and 
cognition has taken tremendous steps 3, 8, 18, 35, 39, 44-46. The cerebellar nuclei have a crucial role 
in cerebellar functions, including the cognitive functions 30. Functional magnetic resonance 
imaging (MRI) studies have demonstrated a somatotopic arrangement in the dentate 
nucleus 31, 32 that very well matches the arrangement in the cerebellar cortex. Animal studies 
have shown a zonular distribution of the cerebellar white matter, that is perpendicular to 
the direction of the cerebellar foliae but parallel to the gyri of the dentate nucleus 40, as if 
cerebellar cortical and nuclear areas are selectively connected. Tracer studies have shown 
a division of the dentate nucleus in a motor and a non-motor part. The ventral part of the 
dentate nucleus, corresponding to the non-motor part, has evolutionally expanded more 
compared to the dorsal part 36. This corresponds with the greater expansion of Crus I and 
II in the cerebellar hemispheres. Further, the cerebellar nuclei are not only anatomically 
connected with motor parts of the brain, but also with prefrontal, parietal, temporal and 
occipital lobes of the cerebral hemispheres 4, 21, 41, 47. Despite the thorough characterisation 
of these anatomical developments, the particular contributions of the individual 
cerebellar nuclei to cerebellar function, and their exact working mechanism, remains 
unclear. 
In order to investigate their function, thorough knowledge of their three-dimensional 
architecture is mandatory. However, their complex three-dimensional shape, orientation 
and mutual correlations are hard to understand due to the lack of proper detailed imaging 
techniques. We rely on imaging studies such as histology and MRI, each with their own 
drawbacks and limitations. 
Challenges in histological imaging of cerebellar nuclei
Current anatomical knowledge of the cerebellar nuclei is primarily based on classical his-
tological studies 1, 9, 26, 29, 33, 43. Although some of these images are pen drawings 1, 9 or litho-
graphs 43 based on unstained sections, they have demonstrated a great amount of detail 43. 
The relatively large inter-section gaps, however, resulted in only a few cross-sections per 
nucleus, which hampered a proper three-dimensional reconstruction 1, 29. Even nowadays 
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sectioning and staining is very laborious, but digital technologies have greatly facilitated 
the data analysis.  
One of the biggest disadvantages of histology is that histological samples can only be obtained 
in a single (transverse, coronal or sagittal) plane 1. In order to investigate all three cardinal 
planes, three different specimens have to be sectioned. Individual variation and differences 
in sectioning angles prohibit three-dimensional integration of the data, especially regarding 
complex anatomical structures such as the cerebellar nuclei.
In addition, histological processing is known to cause shrinkage of the tissue and distortion 
of the slices 7, 38, possibly resulting in misinterpretations of anatomical dimensions. 
Challenges in magnetic resonance imaging of cerebellar nuclei
Although MR imaging of the cerebellar nuclei has taken a great leap forward 30, the 
challenges in MR imaging of the nuclei are still many. First, imaging of the small-sized 
nuclei requires high resolution and long scanning time. In 2006, a probabilistic atlas was 
published by Dimitrova et al based on 1.5 Tesla T2* FLASH imaging in 75 subjects 15. 
Unfortunately, the resolution of 1.15 x 0.86 x 1.5 mm was not high enough to differentiate 
between the dentate and the interposed nuclei. High field strengths can only partly resolve 
this problem. Diedrichsen et al (2011) 13 developed a probabilistic atlas of the cerebellar 
nuclei with susceptibility weighted imaging (SWI) based on 23 subjects scanned at 7 Tesla. 
In particular the emboliform and globose nuclei could not be differentiated in each case. 
Although this probabilistic atlas will result in a great improvement for localization of the 
nuclei in functional MRI studies, it does not offer a detailed anatomical picture.
Second, the visibility of the cerebellar nuclei in MRI is frequently based on (susceptibility) 
artefacts caused by their high iron content. These artefacts do not necessarily match true 
anatomy 10, 13-15, 34. 
Third, and possibly most important, is the difficulty in the interpretation of MRI findings. 
A thorough understanding of the anatomical orientation and relative correlations of the 
cerebellar nuclei is mandatory in order to correctly identify each individual nucleus in MRI. 
However, this can only be achieved with good visualization modalities. Deoni et al suggested 
in 2007 to verify the anatomical location of the cerebellar nuclei in MRI with histology of 
the same specimen 10. Although some authors have compared the MRI of cerebellar nuclei 
with histology 14, 17, 42, it was never in the same specimen nor in three dimensions. 
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This study
This study aims to combine the best of both worlds by visualizing the cerebellar nuclei in post 
mortem 7 Tesla MRI, complemented by the three-dimensional histological reconstruction 
of these nuclei in the same specimen. This will result in detailed three-dimensional 
anatomical knowledge on the morphology, relative position and orientation of individual 
cerebellar nuclei. A high resolution digital anatomical atlas will be constructed, that will be 
registered with the MNI (Montreal neurological Institute) 19 and SUIT (Spatially Unbiased 
Infratentorial Template) 12 standard templates. 
To overcome problems regarding nomenclature and anatomical sectioning planes, the 
nomenclature of anatomical directions and sectioning planes according to Schmahmann 
et al (1999) were adopted 42. 
Methods
The post mortem brain of an 87-year-old woman was acquired from the body donor 
program at the Radboud University Medical Centre Nijmegen, The Netherlands. She had 
no known neurological diseases and died of pneumonia. At ten hours post mortem, the 
body was perfused with 6% formalin via the femoral artery to allow rapid fixation of the 
tissue. Approximately 24 hours later, the brain was extracted from the skull and stored in 
7.7% formalin for 16 months. Frontal, temporal, parietal and occipital lobes were removed 
in order to fit the specimen in a smaller MR coil for high signal reception. Imaging was 
performed on a Siemens MAGNETOM 7T MRI scanner (Siemens, Erlangen, Germany) 
with a 28-channel knee coil. Background signal was avoided by placing the specimen in 
tight-fitting plastic bags containing Fomblin (Solvay Solexis Inc.), a susceptibility-matched, 
hydrogen-free liquid.
Besides a diffusion sequence for investigation and verification of the white matter 
architecture, as presented by Mollink et al (2015) 38, high resolution structural images were 
acquired with a TRUFI (True Fast Imaging with Steady State Free Precession) sequence 37 
with an in-plane resolution of 350 µm, slice thickness of 450 µm, TE 3.79 ms and TR 7.58 
ms and flip angle of 35 degrees. 
Subsequently, the specimen was serially sectioned with a heavy duty LKB 2260 Macrotome 
(LKB Instruments, Bromma, Sweden) at a section thickness of 10 µm. Sections at an interslice 
distance of 200 μm were stained for myelin with the modified Heidenhain-Woelcke myelin 
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staining 6, 25. At the level of the cerebellar nuclei, the sections neighbouring each modified 
Heidenhain-Woelke slice were stained with Cresyl Violet to delineate the nuclei.  
Photographs of the sections were digitized, image contrast was enhanced and images 
were registered to obtain a 3D histological volume according to Mollink, 2015 38. In brief, 
histological sections were aligned with their corresponding blockface photographs (that 
were taken after each section) using a 2D landmark based affine transformation. Stacking 
of these histological images resulted in a preliminary histological volume, to which the 
structural MRI was registered using a 3D affine transformation with FLIRT 27. In an iterative 
procedure, a 2D affine landmark-based registration was used to align histological images to 
their corresponding MRI slices. This process resulted in a histological three-dimensional 
reconstruction at a resolution of 31.602 µm x 31.602 µm x 200 µm that very well matched 
the MRI (Figure 7.1). 
A detailed description of the histological reconstruction can be found elsewhere 38.
Two investigators (KvB and DH) independently performed manual segmentation of the 
cerebellar nuclei using ITK-snap 53. The dentate, emboliform, globose and fastigial nuclei 
were segmented individually in the transverse plane of the histological three dimensional 
reconstruction. Compared to the Cresyl Violet staining, the modified Heidenhain-Woelcke 
Figure 7.1 Reconstruction of the histological sections from the cerebellum and brainstem. Following affine 
registration, a non-linear registration approach was applied and represented in a coronal (A) and sagittal view 
(C). Alignment of internal structures significantly improved after this step and appeared most accurate in white 
matter. Corresponding MRI slices for (A) and (C) are depicted in (B) and (D), respectively.
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staining yielded far more contrast between gray and white matter and was therefore used 
for the segmentations. The original sections were microscopically reviewed to verify the 
segmentations at critical points, for example the Cresyl-Violet staining was perfect to 
differentiate between nuclei and small blood vessels or at transitions between adjacent 
nuclei. Nuclei could easily be identified by means of several atlases 1, 17, 40 and classical 
descriptions 9, 26, 29, 43. 
The Dice Similarity Index (DSI) 11 (Equation 7.1) was calculated between segmentations 
from the two investigators:
      Eq. 7.1
In this formula, A and B each represent one investigator’s segmentation. The DSI determines 
the amount of overlap relative to the total volume occupied by both segmentations, as a 
measure of interobserver reliability. 
Anteroposterior, craniocaudal and mediolateral dimensions of the nuclei were calculated 
based on the resolution of the histological reconstruction (after normalization to MRI). 
The three-dimensional morphology of the nuclei was studied visually and compared to the 
literature. Based on the three-dimensional representations, a division was made between 
macro- and microgyric portions of the dentate nucleus. Findings were compared to the 
existing literature.
Finally, the three-dimensionally reconstructed cerebellar nuclei were overlayed on the 
MRI, facilitating identification of the nuclei in the MR images. The reconstructions were 
transformed to fit the SUIT and MNI standard templates using Advanced Normalization 
Tools (ANTs) 2 and are freely available at www.nccn.nl and www.nitrc.org.
Results
Histology 
The modified Heidenhain-Woelcke myelin stain yielded very high contrast due to intense 
staining of only the white matter, resulting in a clear outline of the nuclei. The Cresyl-Violet 
sections yielded less contrast but were better to differentiate nuclei from blood vessels or 
small tissue tears (Figure 7.2).
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The similarity between the histological segmentations of two investigators was high, as 
demonstrated by the Dice Similarity Indices (Table 7.1). Normal values run from 0 (no 
similarity) to 1 (perfect similarity).
Due to the intersection gap of 200 micron (which is relatively small in relation to the size of 
the nuclei) we were able to trace the nuclei and their processes through subsequent sections. 
This way, we discovered extensions from the fastigial nucleus not only in anterior and lateral 
Figure 7.2 Transverse sections through cerebellar nuclei. Section thickness is 10 µm. Top row, the modified 
Heidenhain-Woelcke staining provides high contrast by staining the white matter and leaving the nuclei 
free from staining. Bottom row, the neighbouring Cresyl-Violet sections. A, the fastigial nucleus appears to 
comprise of a medial (fm) and a lateral (fl) part. B, cells of the emboliform nucleus (e) are positioned between 
two different white matter bundles: the superior (s) and inferior (i) cerebellar peduncle. d, dentate nucleus. 
C, in caudal transverse sections the globlose nucleus (g) looks like a footprint, whereas the three dimensional 
shape resembles an upside down mushroom. 
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Table 7.1 Dice Similarity Indices (DSI) indicating the amount of overlap between segmentations of the two 
investigators 
DSI 
Right dentate 0.85
Left dentate 0.87
Right emboliform 0.89
Left emboliform 0.87
Right fastigius 0.79
Left fastigius 0.71
Right globose 0.88
Left globose 0.82
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direction, but also in the inferior-posterior direction along the stem of the arbor vitae. In 
retrospect, this extension could also be distinguished in MRI (Figure 7.3). 
By tracing the nuclei down subsequent sections at microscopic resolution, all nuclei were 
actually found to be contiguous with each other. The segmentations in Figure 7.3, third 
column, demonstrate that the fastigial nucleus is contiguous with the emboliform (top 
image), the inferior laminar extension of the emboliform nucleus seems to be fused with 
the dentate nucleus and is also in very close proximity to some globose subnuclei (third 
column, bottom image). Even under microscopic magnification, in these transitional 
zones the nuclei could not be differentiated from each other and the demarcation line is 
somewhat arbitrary. 
Figure 7.3 Segmentations in histological volumes, registered with MRI. First column, transverse sections 
with modified Heidenhain-Woelke staining. Second column, same sections with digitally enhanced contrast. 
Third column, segmentations of the nuclei in the contrast enhanced histological slices. Fourth column, same 
segmentations registered to the MRI. Although there is not a perfect overlap of segmentations with the nuclei 
as they appear in MRI, the segmentations very much assist in identification of the nuclei, especially in the more 
inferior regions where there is a crowding of very small (sub)nuclei. Note that the inferior posterior process 
of the fastigial nucleus (red) can be traced all the way down into the medullary body. Fifth column, transverse 
MRI slices without overlay of the histological segmentations. Especially in caudal sections the nuclei are hard 
to differentiate. From top to bottom, images represent sections superior to inferior. A, anterior, P, posterior, 
R, right, L, left.
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The three dimensional reconstruction of the cerebellar nuclei revealed anatomical features 
that were compared to the literature. 
Fastigial nucleus. The body of the fastigial nucleus lies on the roof of the fourth ventricle 
and has a cone-like appearance. In some histological sections there was a clear separation 
between a medial and a lateral part of the fastigial nucleus, with white matter in between 
(Figure 7.2). It supports early descriptions by Jansen and Brodal (1958) 26. The fastigial 
nucleus has an anterior extension along the roof of the fourth ventricle, a lateral extension 
touching the emboliform nucleus and a long posterior-inferior extension along the white 
matter of the arbor vitae (Figure 7.3 and 7.4). Because of these extensions, the dimensions 
of the fastigial nucleus were larger than assumed by most MRI studies (Table 7.2).
Figure 7.4 The inferior posterior process of the fastigial nucleus (red) can be traced all the way down to the 
bifurcation of the medullary body into Crus II and Pyramis. Sagittal MRI with superimposed the histological 
segmentation of the fastigial nucleus, registered with the MRI, in red.
Emboliform nucleus. The emboliform nucleus has a diamond-like shape with its long axis 
parallel to the long axis of the dentate nucleus. The nucleus seems to be squeezed between 
two different white matter fiber bundles, demonstrated by the different intensities of the 
bundles in the modified Heidenhain-Woelcke staining (Figure 7.2B, top). Its anterior apex 
proceeds into a very thin line of cells curving around the superior cerebellar peduncle. 
The caudal part of the emboliform nucleus proceeds into a thin lamina that fuses with a 
posterior inferior gyrus of the dentate nucleus. 
Dentate nucleus. The dentate nucleus is the most complex of all four cerebellar nuclei. Its 
three dimensional long axis points from anterior-medial-superior to posterior-lateral-
inferior (Figure 7.5), whereas in the horizontal (transverse) plane its axis seems to point 
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from anterolateral to posteromedial (Figure 7.3). Its shape is that of a wrinkled sac or 
tobacco pouch, the opening pointing in anterior-medial-superior direction, forming the 
Table 7.2 Dimensions of the cerebellar nuclei in millimeters in left-right (LR), anterior-posterior (AP) and 
superior-inferior (SI) direction, as measured by the first investigator, and the difference (∆) in size as compared 
to the second investigator
LR
(mm)
∆ LR 
(mm)
AP
(mm)
∆ AP 
(mm)
SI
(mm)
∆ SI 
(mm)
Volume 
(mm3)
∆ Volume 
(mm3)
Right dentate 9.3  0.0 13.0 +0.2 11.6 +0.2 126 +2.4
Left dentate 9.6  0.0 13.4  0.0 11.8 +0.2 124 +6.2
Right emboliform 3.3 +0.1  8.3 -1.1 6.0 -1.4 9  +0.1
Left emboliform 4.1  0.0  8.5 -0.8 4.6 +0.4 10 +1.7
Right fastigial 6.4 -0.6  7.1 -0.6 3.8 +0.6 18 +2.7
Left fastigial 6.0 +0.3  7.2 +0.5 5.4 -2.0 21 +1.5
Right globose 2.2 +0.3  4.5 -0.5 4.4 +0.2 6 +0.4
Left globose 2.8 +0.4  4.3 -0.3 4.8 +0.6 6 +0.7
Figure 7.5 Three dimensional representation of the cerebellar nuclei. Clockwise reading of the figure shows 
counter-clockwise rotation of the nuclei around the Z-axis. Bottom left: view from superior, bottom right: view 
from inferior. Note the radial orientation of the gyri when viewed from inferior.
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outlet of the superior cerebellar peduncle efferents. The three dimensional reconstruction 
very nicely shows that the gyri of the dentate nucleus have a longitudinal orientation along 
its long axis and perpendicular to the direction of the cerebellar foliae. Interestingly, at the 
inferior part of the dentate, these gyri fuse in a radial manner (Figure 7.5, bottom right). 
The three dimensional reconstruction also shows that the dentate nucleus contains 4 
smooth and regular gyri posterolateral to its long axis, but also 2 irregular and thicker gyri 
anterolateral to its long axis (Figure 7.6). Histological slices show that the segmentation 
of the dentate nucleus is somewhat thicker and indentations are larger in the anterolateral 
area (Figure 7.7B and 7.2C), however it is hard to draw a strict line between anterolateral 
and posteromedial portions of the dentate without three-dimensional information. 
Globose nucleus. The globose nucleus is a group of subnuclei that is located slightly posterior 
and inferior to the emboliform nucleus. At transverse sections, this group of subnuclei looks 
like a footprint (Figure 7.2C). However in 3D the globose nucleus looks like an upside down 
mushroom, the bulky part comprising the globose subnuclei and the stalk being situated 
between the emboliform and the fastigial nucleus, pointing upwards and medially.
Dimensions of the nuclei
The dimensions of the cerebellar nuclei were calculated in left-right, anteroposterior and 
superior-inferior direction in transverse slices (Table 7.2). There were no obvious right-left 
differences in size of the nuclei, except for the superior-inferior dimensions of emboliform 
Figure 7.6 Subdivisions of the dentate nucleus. A, right posterior lateral view of the cerebellar nuclei with 
the right dentate nucleus in the front. The dentate nucleus can be divided in an irregular anterolateral part 
and a posteromedial regular part consisting of 4 regular longitudinal gyri. B, left posterior lateral view of the 
cerebellar nuclei; the left dentate nucleus in the front with similar subdivisions.
A B
1
2
43
1
2
4
3
139
Atlas of cerebellar nuclei
7
and fastigial nuclei. This was probably due to the lower resolution in superior-inferior 
direction (0.2 mm) compared to left-right and anteroposterior directions. The unilateral 
measurements of these nuclei also differed most between the two investigators. 
Figure 7.7 Interpretation of the high resolution TRUFI images without (A, C and E) and with (B, D and F) 
the aid of the histological segmentations. A and B show transverse images, C and D show coronal images, E 
and F show sagittal images. The folded band is easily recognized as the dentate nucleus, but from the small 
hyperintense dots medial to both dentate nuclei it is hard to make out which one is globose, emboliform or 
fastigial nucleus (A and C). Also, note the difficulty to differentiate between the inferior emboliform nucleus 
and inferior-medial dentate nucleus (C). In sagittal images (E), it is hard to differentiate between emboliform 
and globose nucleus, or even dentate nucleus. B, D and F show the overlayed histological segmentations of 
the nuclei, correlating with the MRI hypointensities and facilitating the identification of the cerebellar nuclei. 
Green: dentate nucleus, dark blue: emboliform nucleus, cyan: globose nucleus, red: fastigial nucleus.
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The total group of cerebellar nuclei measured 28 mm from left to right, 13 mm from anterior 
to posterior and 12 mm from superior to inferior.
MRI
The cerebellar nuclei appeared as hyperintense structures on the TRUFI SSFP sequence. 
In the cranial transverse slices, the dentate and emboliform nuclei were quite easy to identify, 
because of their unique appearance. The fastigial nuclei, at least their bulky parts, were also 
relatively easy to distinguish because of their location close to the midline. In caudal slices 
however, it was difficult to discriminate between the globose subnuclei and the fastigial 
nucleus, as well as between dentate and emboliform nucleus (Figure 7.7). 
In individual coronal slices, it was especially difficult to appreciate the borders of the 
fastigial nucleus and distinguish between the medial border of the dentate nucleus and the 
lateral border of the emboliform nucleus (Figure 7.7). Also, globose subnuclei were hard 
to distinguish from the inferior and medial dentate nucleus. 
Sagittal slices were the hardest to interpret. Directly parasagittally, the cone-like appearance 
of the fastigial nucleus could be recognized. Far laterally, it was easy to identify the dentate 
nucleus. However, at the level of the cerebellar medullary body, the emboliform nucleus 
seemed to fuse with the dentate nucleus and the globose nucleus could not be differentiated 
from the inferior dentate (Figure 7.7).
Coregistration 
The histological segmentations were smaller than the nuclei in MRI and minimally displaced 
anteriorly, resulting in a hypointense “halo” around the segmentations (Figure 7.3) and 
indicating an imperfect registration. Nevertheless, the orientation and morphology of the 
histological segmentations matched the MRI hypointensities. Therefore, the segmentations 
made it a lot easier to identify the nuclei in MRI, especially in the more inferior transverse 
slices where there is a crowding of globose subnuclei, emboliform extension, medial dentate 
gyri and fastigial posterior inferior process (Figure 7.3, fourth and fifth column). Especially 
in coronal and sagittal slices the segmentations were extremely helpful (Figure 7.7). 
Some characteristics of the nuclei as noticed in 3D histology could retrospectively be 
recognized in MRI as well, such as the long posterior-inferior extension of the fastigial 
nucleus and the fusion of the emboliform lamina with the dentate nucleus. 
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The histological segmentations were transformed to fit the Spatially Unbiased Infratentorial 
Template (SUIT) 12 and the Montreal Neurological Institute (MNI) template using Advanced 
Normalization Tools 2. Our nuclei match quite well in size with those of the Diedrichsen 
probabilistic atlas 13, but are located more medially and anteriorly (Figure 7.8).
Figure 7.8 Nuclei after transformation to SUIT template. Compared to Diedrichsen’s probabilistic atlas 13 
(depicted in magenta) our nuclei are localized a little more medially (A, coronal view) and anteriorly (B, 
transverse view). Transformation resulted in loss of anatomical detail because of downsampling of the original 
high-resolution images.
A
B
Dentate nucleus
Emboliform nucleus
Fastigial nucleus
Cerebellar nuclei 
according to SUIT atlas
Discussion
This study visualized the cerebellar nuclei with high field MRI, assisted by the three-
dimensional histological reconstruction of these nuclei from the same post mortem brain.
The high resolution of histological data and high contrast in the modified Heidenhain-
Woelcke staining allowed detailed segmentation of the cerebellar nuclei. Despite the high 
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MRI resolution and excellent gray-white matter contrast, without histological verification 
it was difficult to differentiate between fastigial, globose, emboliform and inferior dentate 
nuclei, especially at the level of the caudal nuclei where the fastigial and emboliform nuclei 
taper and the globose nucleus is fragmented into subnuclei. By registering the histological 
segmentations with MRI, all cerebellar nuclei could be correctly identified on MRI. 
This atlas comes in highly detailed three-dimensional images of the cerebellar nuclei that 
were reconstructed from the segmentations in this specimen, as well as a lower (1 mm) 
resolution transformations of these images to the SUIT and MNI templates. Downsampling 
of the data during the transformation process inherently leads to loss of detailed anatomical 
information. Especially the high resolution images (not in standard space) may be very 
helpful in understanding the complex three dimensional anatomy of the cerebellar nuclei. 
It may be combined with the lower resolution atlases in standard space, to visually compare 
the morphology of the nuclei in individual patient data with these high resolution images. 
This atlas should, however, not be used as a reference template for spatial localization of the 
cerebellar nuclei in groups of subjects, as it is only based on one specimen and not validated 
for a larger population. It would be better to use the atlas of Diedrichsen (2011) 13 instead. 
We used a TRUFI SSFP sequence for post mortem imaging, which is mainly T1-weighted 
and results in excellent contrast between grey and white matter 37. The cerebellar nuclei 
appear as hyperintensities with clear boundaries. Previous (in vivo) MRI studies used 
strongly T2*-weighted sequences, making use of the high iron content of the nuclei that 
distorts the local magnetic field resulting in susceptibility artefacts 10, 13-15. However, this 
distortion of the magnetic field may lead to overestimation of the dimensions of the nuclei 
and overshadow anatomical details. The lower resolution in these studies also causes 
larger partial volume effects, possibly overestimating the size of the nuclei and leading to 
decreased discriminability.
The three-dimensional reconstruction aided in understanding the descriptions of the 
nuclei in the literature. First of all, because of their complex three-dimensional shape, the 
nuclei may appear different depending on the sectioning angle. The emboliform nucleus, 
for example, has been described as triangular or cilindrical 9, 29 or as a lump or a bat 26. The 
three-dimensional reconstruction shows that – in this single subject – the emboliform 
is shaped like an elongated and bended diamond, or like a gently curved boomerang. 
Depending on the sectioning angle of this “boomerang”, all various descriptions in the 
literature could hold true.  
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The same goes for the fastigial nucleus, which has been described as oval or triangular 9, 
circular or ellipsoidal 29 or egg-shaped 26. The three-dimensional reconstruction shows that 
in this subject, the fastigial nucleus is cone-shaped rather than circular or ellipsoidal. Again, 
depending on the sectioning angle, all descriptions could hold true. Further, only some authors 
mention the fastigial extensions toward the emboliform nucleus 9, 26, called “Zellbrücken” 
(German for “bridging cells”) by Jansen and Brodal 26. The anterior process probably projects 
to the vestibular nucleus 26 . The posterior inferior extension into the white matter was only 
mentioned by Dejerine in 1901 9. These extensions were only described in histological studies 
but never in MRI studies. Our three-dimensional reconstruction confirms the anterior 
extensions as well as the lateral and posterior inferior extensions described decades ago 9, 26. 
Retrospectively, we were able to distinguish these extensions in the post mortem MRI (Figure 
7.3, fifth column). This could never have been achieved by an in vivo MRI atlas.
Also, after three-dimensional reconstruction the globose nucleus in this specimen resembled 
an upside-down mushroom, as already described by Dejerine 9. It was not spherical as 
described by Kozlova 29. In our reconstructions, the globose nucleus is hard to separate 
from the medial part of the emboliform nucleus, as was already demonstrated by Dejerine 9. 
Dejerine also found that the globose was contiguous with the fastigial nucleus at its superior 
border. This was not confirmed by our study, but it was indeed remarkable that all nuclei 
were somehow connected to each other. The fastigial nucleus is connected with emboliform 
nucleus by the bridging cells, the thin inferior lamina of the emboliform nucleus fuses with 
the medial inferior dentate gyrus and the emboliform nucleus is at its medial border hard to 
differentiate from the globose subnuclei, that in turn seem to connect with the inferior dentate. 
This interconnection of the nuclei probably reflects their joint migration from the cerebellar 
ventricular zone and rhombic lip during the first weeks of foetal development 23. It may 
also reflect their role as a processing hub within the cerebellum, with the individual nuclei 
working closely together. 
The three-dimensional reconstruction revealed a very clear visual distinction between 
the anterolateral and posteromedial part of the dentate. Posteromedial gyri were regular, 
smooth and parallel to the dentate’s long axis, whereas gyri in the anterolateral part were 
irregular and almost perpendicular. Whether this visual distinction is generalizable needs 
to be investigated in more specimens. 
Previously, the distinction between these two parts was based on iron content 20 or em-
bryology 5, 51. Generally, it is thought that the anterolateral (or ventrolateral) dentate has 
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thicker folds and smaller nuclei compared to the posteromedial (or dorsomedial) part 10, 49, 52. 
This subdivision was recently confirmed by a histological study based on significant 
differences in cell count and cell size between the two parts 49. The subdivision in our study 
very well matches those in previous studies 28, 48, 50. The existence of different anatomical 
parts in the dentate nucleus may reflect a topographical arrangement 16 that is similar to 
the topographical arrangement in the cerebellar cortex. It supports the theory of function-
specific cerebro-cerebellar circuitries 22, 24, 40, 44, 46. 
There is a lot of discussion in the literature regarding the size of the individual nuclei. The 
measurements in our study largely agree with the histological study of 100 cerebella of 
Kozlova in 1984 29. This is probably because the histological techniques are comparable, 
generally resulting in about 10% shrinkage of the tissues in both studies. The length of the 
dentate nucleus is frequently reported as being up to 21-23 mm 26, 29, 33, however the reported 
length is probably measured along the long axis of the dentate (from medial-superior-
anterior to lateral-inferior-posterior) and not in one of the three cardinal orientations. 
The three cardinal planes, however, are not standardized either. Our sectioning angle was 
almost perpendicular to the brain stem and the three cardinal planes were perpendicular to 
each other. In contrast, in Angevine et al (1951) 1 the angle between coronal and transverse 
sectioning planes is about 60 degrees instead of the 90 degrees that one might expect in 
order to gain the most information. Diedrichsen et al (2011) 13 use a sectioning plane 
somewhat parallel to the superior cerebellar peduncles at an angle that is steeper than the 
ACPC (anterior commissure – posterior commissure) line that is generally used in MRI. 
This sectioning plane coincides with the long axis of the dentate nucleus, possibly explaining 
the larger size of the dentate nucleus in their study. 
Size differences may also occur because the majority of MRI studies use susceptibility-
weighted sequences in which the extended field effects around nuclei with high iron 
content, such as the dentate nucleus, makes them appear larger. Also, the resolution of MRI 
in previous studies has been lower than 0.5 mm which may have been too low to reveal the 
full dentate band, half of which is thinner than 0.55 mm 48. The fastigial nucleus, on the 
other hand, is easily underestimated by MRI because the resolution of the MRI is not high 
enough to detect the fastigial processes. Also, emboliform and globose nucleus are frequently 
difficult to separate and therefore the measurement of the combined “interposed” nucleus 
is estimated 10, 13, 14. Because of partial volume effects and susceptibility artefacts in MRI, the 
dentate nucleus is frequently represented as a solid nucleus with indentations. The volume 
calculation thus includes the inside of the folded band, resulting in volumes of 362 and 366 
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mm3 or even 800-1000 mm3, considerably larger than in our study 10, 13. Our volumes of 
124 and 126 mm3 may be too small because of two reasons. First of all, we did not correct 
for the estimated 10% tissue shrinkage. Second, the specimen was the brain of an 87-year 
old woman and the brain is known to be atrophic with older age; this may count for the 
cerebellar nuclei as well. On the other hand, the high resolution of our samples and the small 
intersection gap results in very little partial volume compared to previous studies. Even 
in the microscopic study of Tellmann et al (2015) 49, their larger volumes of the cerebellar 
nuclei might be caused by the quite large intersection gap of 1.2 mm. 
This study is limited by the fact that it is based on only one specimen. In addition, the 
brain was derived from an elderly person. The findings in this study should therefore be 
interpreted with caution and may not be representative for the general population. On the 
other hand, the aim of this study was to use histology as a means to correctly identify the 
cerebellar nuclei in the structural MRI; not to validate the MRI in terms of spatial accuracy. 
Although the absolute localization of the cerebellar nuclei may vary between subjects, their 
relative configuration and orientation may very well be the same across subjects.
Thorough knowledge on the three-dimensional architecture of the cerebellar nuclei is 
mandatory for correct interpretation of functional MRI studies 31 or lesion-function studies 34 
of the cerebellar nuclei. Future studies may focus on the improvement of in vivo imaging 
of the cerebellar nuclei in normal subjects as well as patients with cerebellar diseases. 
Conclusion
This study visualized the cerebellar nuclei with ultra-high field MRI, assisted by the three-
dimensional histological reconstruction of these nuclei from the same post mortem brain – 
combining the best of both worlds. Despite the very high resolution and high contrast of the 
MRI data, correct identification of the cerebellar nuclei remains difficult. However, when 
aided by the co-registration of histological sections of the same brain, the nuclei can easily 
be identified. The three-dimensional histological reconstruction of the cerebellar nuclei is 
helpful in understanding their complex morphology and orientation. 
The information culminated into a digital anatomical atlas of the cerebellar nuclei, that was 
registered with the MNI (Montreal neurological Institute) and SUIT (Spatially Unbiased 
Infratentorial Template) standard templates, that may be used as a morphological reference 
for identification of the nuclei in individual subject data. 
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Abstract
Rationale: Central nervous system (CNS) tumours constitute 25% of all childhood 
cancers, and more than half of these are located in the cerebellum. One of the 
most troublesome late effects after operation for such a tumour is the cerebellar 
mutism syndrome (CMS) which is seen in up to 25% of children after surgery. It is 
characterized by mutism, hypotonia, ataxia and irritability, and the exact causes have 
yet to be identified.   
Objective: The purposes of this study are to uncover 1) which surgical methods are 
least likely to cause the CMS and if there is a difference in risk between primary surgery 
and reoperation, 2) which patients may be genetically predisposed to developing the 
CMS, 3) the effect of corticosteroids, and 4) differences in incidence and clinical course 
of the CMS according to tumour type, comorbidities, handedness and treatments. We 
hope that the results will contribute to an overall reduction in incidence of the CMS 
and lead to harmonization of the treatment of these patients in the Nordic countries.
Study design: Multicentre, prospective, observational, clinical cohort study. The study 
has already started in the Nordic countries and is expanding to other West-European 
countries such as the Netherlands. 
Study population: All paediatric patients with posterior fossa CNS tumours. 
Main study parameters/endpoints: Incidence and clinical course of cerebellar 
mutism.  
Nature and extent of the burden and risks associated with participation, benefit and 
group relatedness: Participating in the study would not in any way impact or interfere 
with the child’s treatment plan, and giving information to the family preoperatively 
about potential risks of surgery is already a standard requirement mandated by law in 
the Nordic countries (and in the Netherlands). The child would not be subject to any 
additional investigations or tests other than those that already are routinely carried 
out, apart from the blood sample, which can be taken at any convenient time point 
along with other routine blood samples and a couple of short recordings of the child’s 
speech. Thus the child will not be exposed to any additional risks or disadvantages 
by participating in this study.
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Introduction and rationale
Paediatric CNS tumours account for 25% of all cancers in children, making them the second 
most common type of paediatric cancers after the leukaemia’s, and the most common subset 
of solid tumours 1. The incidence rates in the Nordic countries are among the highest in 
the world, where the overall incidence of 4.2/100,000 translates to approximately 200 newly 
diagnosed CNS tumours per year 24. CNS tumours are also the childhood cancers causing 
the most frequent and severe late effects 9, 10, 16, 21, 25, 27.    
The Cerebellar Mutism Syndrome (CMS) refers to the clinical picture of transient mutism, 
ataxia, hypotonia and irritability that can be observed postoperatively in approximately 25% of 
all children and adolescents undergoing posterior fossa surgery for a cerebellar tumour 9, 10, 20, 27. 
It is thought to be caused by surgical disturbance of the dentate nuclei and their efferents, 
and known risk factors are tumour type, midline location and brainstem involvement 3, 7, 23, 31. 
Those affected usually suffer from a range of other symptoms too, such as dysphagia, urinary 
retention or incontinence, personality changes, attention- and memory problems. Although 
some patients do recover completely, many patients are left with permanent sequelae in the form 
of dysarthria, dysfluency, slowed speech rate, ataxia, emotional problems and lower IQ 10, 23. 
Unfortunately, little is still known about how to prevent or treat the condition. Thus, 
although a cure may have been achieved with respect to their brain tumour, the CMS and 
its consequences can still represent a lifelong challenge for these children. Since roughly half 
of all paediatric brain tumours reside in the posterior fossa and require operative removal, 
the CMS constitutes both a common and severe problem in paediatric neuro-oncology.  
The traditional approach to tumours of the vermis and 4th ventricle involves splitting of the 
vermis. The importance of this in regard to incidence of CMS has been widely discussed in 
the literature, some studies reporting a lower incidence with approaches that do not split 
the vermis, and others finding no difference 23, 34. Bilateral damage to the cerebellar dentate 
nuclei is thought to be the anatomical substrate of the syndrome 20, and because of this, 
some neurosurgical centres have been changing their surgical practice to seek to “spare” the 
dentate nuclei, self-reporting an incidence as low as 5% 32. The most favourable approach to 
the removal of a posterior fossa tumour with respect to CMS is still an unanswered question. 
Studies on traumatic brain injury patients have shown that genetic influences play a role in 
the development, severity of and recovery from their symptoms 4, 30, 35. This could also well 
be the situation for neurological symptoms such as CMS following surgical brain injury, but 
there are no studies addressing this question 19, 32. Our study will investigate this. The results 
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could have clinical consequences, since identification of some unfavourable or missing gene 
products could possibly in the future be compensated for with either pre- or postoperatively 
custom-made treatment plans, with the aim to either prevent CMS or aid recovery from it. 
There is no established treatment that facilitates recovery from CMS, and the effects of 
pharmacological intervention are sporadically reported in the literature 2, 26. Likewise, 
it is not known whether the routine administration of corticosteroids to brain tumour 
patients affects the overall clinical course of the CMS in a positive or negative way. 
While preoperative corticosteroids are routinely given to most patients 13, the intra- and 
postoperative administration varies from centre to centre. A big multicentre study showed that 
corticosteroids should not be used routinely in the treatment of traumatic head injuries 8, 22. 
There are no current neurosurgical recommendations regarding the routine postoperative use 
of corticosteroids 18 but they are often given with the aim to reduce surgically-induced oedema. 
The incidence of CMS in children with medulloblastoma was 25% in the largest study to 
date 23. Corresponding studies and incidence figures are lacking for other tumours of the 
posterior fossa. A study such as this one, which documents the incidence of CMS for all 
tumour types, is therefore much needed.  
Law et al recently reported that handedness may be of importance for the development 
of the CMS, where left-handed children had a much higher incidence of CMS than right-
handed children, particularly if the patient had a medulloblastoma. However, this may be 
a coincidence due to their very small patient material and further prospective validation 
of their findings was thus recommended 17.  
The neuroradiographic features, pathophysiology and symptomatic spectrum of the CMS 
have been extensively explored in almost 40 small single-centre retrospective studies 10. 
Almost all base their results primarily on pre- and postoperative neuroradiological features, 
which are thus well described in the literature. However, documentation of the crucial roles 
that surgical access and techniques are thought to play is extremely sparse 34, and no studies 
have ever investigated the roles of genetics or medication. Only two prospective multicentre 
CMS studies have been carried out before, both of which covered medulloblastoma patients 
only 17, 23. The associations between posterior fossa tumours and long term speech deficits 
according to tumour type, radiation, age of diagnosis and survival years have previously 
been explored 15. This was however done in a cohort numbering 54 patients of whom only 
four developed the CMS 14. Studies investigating comorbidities of CMS have not previously 
been carried out.   
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CMS is almost exclusively seen in children. Very few cases of CMS in adults can be found 
in the literature 5, 29, and thus it would not be possible to perform this study in an adult 
population. Besides contributing to an increased understanding and awareness of the CMS 
this study has the direct prospect of reducing both the incidence and the severity of the 
syndrome, which would be a great advantage for other children with CMS.  
Study objectives
Primary objective 
To explore the relationship between different surgical methods for the removal of posterior 
fossa tumours, and relate these to the incidence and clinical course of the CMS (prospective 
observational study). Hypothesis: Methods that spare the dentate nuclei and their efferents 
and focus on minimally traumatic techniques lower the risk of developing the CMS by 50%, 
and lessen its severity and duration by 40% when compared to more invasive tumour removal 
methods. The risk of getting the CMS is greater after re-operation(s) when compared to 
primary surgery.
Secondary objective(s)
Genetics To analyze the role of genomic variants on the development, severity and recovery 
from the CMS by carrying out a broad genetic profiling of the study participants (SNP 
analysis). Hypothesis: Genetic variants in inflammation, vascularization, neuronal tissues, 
neurotransmitters, neurotransmitter transporters, blood-brain-barrier tissues and/or 
lipoproteins explain at least 50% of the variation in incidence of CMS and explain at least 
40% of the variation in severity, duration and level of recovery from the CMS in those 
instances where tumour type, size, location and the surgical approach are similar.  
Corticosteroids To explore the effect that pre-, intra- and/or postoperative corticosteroids 
may have on the risk and severity of the CMS (prospective observational study). Hypothesis: 
Preoperative corticosteroids have a protective effect against the development of the CMS as 
they reduce vasogenic (tumour induced) cerebral oedema and thereby ICP. Intraoperative 
corticosteroids increase the risk of getting the CMS as the hyperglycaemia that they induce 
can cause acute neurological injury. Postoperative corticosteroids have a negative effect 
on the overall outcome of the CMS as earlier studies have shown a negative effect on the 
treatment of traumatic head injuries.  
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Other treatments To investigate the effect of chemo- and radiotherapy on recovery from 
CMS. Additionally information will be gathered on any medication specifically given to 
treat the symptoms of the CMS, with the aim of documenting what helps and does not help 
(prospective observational study). Hypothesis: Chemo- and radiotherapy delay recovery 
from CMS.   
Tumour type To document the incidence of the CMS according to histological tumour type 
(prospective observational study). Hypothesis: The risk of CMS depends on tumour type. 
Handedness To determine whether the risk of the CMS varies according to handedness 
(prospective observational study). Hypothesis: The risk of CMS is increased in left-handed 
compared to right-handed and even more so in cases of medulloblastomas.  
Comorbidities To determine whether the presence of any comorbidities influences the risk 
of the CMS (prospective observational study). Hypothesis: The risk of CMS is increased 
in patients suffering from chronic comorbidities such as NF1, diabetes, heart diseases etc. 
Language and speech To analyze the speech and language deficits associated with CMS on 
short- as well as long-term basis, and to explore how preoperative language status affects 
the risk of developing CMS. Both have been done before, although in significantly smaller 
cohorts 6, 14 (prospective observational study). Hypothesis: Poor preoperative speech and 
language status increases the risk of postoperative speech and language deficits. The degree 
and type of impairment also depends on other patient and tumour variables.  
Neuroradiology To replicate and further extend the association between certain neuro-
radiographic features and development of the CMS established by previous studies 23, 32 
(prospective observational study). Hypothesis: Different neuroradiographic features carry 
different risks for the development and progress of CMS. 
Study design
This project is an open observational study that is set to run for at least 5 consecutive years. All 
children requiring surgery for a cerebellar (posterior fossa) tumor at one of the participating 
centers will be included after informed consent has been obtained. Patients with previous 
surgery, chemotherapy and radiotherapy may be included. The total number of projected 
patients is 500. The participating centers will perform surgery and treat CMS according to 
their local standards, and subsequently register the requested information. 
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In the Netherlands, after approval of the Dutch Medical Ethical Committee the first center 
to start inclusion of patients will be Radboud University Medical Centre Nijmegen. The 
Erasmus MC Rotterdam and University Medical Centre Groningen will follow. In time 
additional Dutch pediatric neurosurgical centers may join the study.  
Study population
Population (base) 
All pediatric patients undergoing surgery for a posterior fossa tumor are eligible for 
participation in this study. The study results could be extrapolated for a future comparable 
study population.
In the Netherlands, currently each participating center will operate around 10-15 pediatric 
patients with a cerebellar tumor annually. Anticipating inclusion of 30 patients yearly, within 
2 years 60 patients should have been included. 
Inclusion criteria
In order to be eligible to participate in this study, a subject must meet all of the following 
criteria:
•	 Age < 18 years at the date of first imaging showing this tumour. 
•	 Tumour in the cerebellum/4th ventricle/brainstem with intention to treat 
with surgical resection or open biopsy. Second and further surgeries are 
also included. 
•	 Informed consent from custodial parent(s). For patients without informed 
consent the centre will record the number of patients where consent was 
not given, to ascertain percentage of inclusion. No data other than date of 
birth, hospital and country will be registered on these patients.
Exclusion criteria
There are no exclusion criteria.
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Sample size calculation
For the surgical hypothesis, assuming that 35% of patients are operated with an approach 
that has a lower risk of CMS (assumed to be 10%) and the remaining 65% of patients are 
operated using other approaches that carries a 20% risk of CMS, we will with 80% power 
be able to identify a difference at a 5% significance level if we include a total of 450 patients. 
For the genetic analysis, several pathways and SNP-profiles will be explored with appropriate 
adjustments for multiple comparisons. Multiple SNPs will due to randomness be found 
to be related with the risk of CMS. Their true biological significance will subsequently be 
validated through internal validation, as we will explore if other SNPs in the same biological 
pathway, e.g. SNPs in the same genes but not the same haplotype or SNPs that affect coding or 
regulatory regions in the identified risk-related genes are more significantly associated with 
risk of CMS than randomly selected SNPs. Furthermore, the genes/SNPs will be explored 
by bioinformatic predictions of the impact of the SNPs on protein-folding, binding affinity 
etc. Once such high-risk SNPs/genes/pathways have been identified and published, we will 
attempt to have them confirmed in independent patient cohorts from Europe or the US. 
Based on a projected overall risk of CMS of 20%, a frequency of a specific SNP (or SNP-
profile) of 30%, and a projected doubled risk of CMS in the group that harbour the SNP (or 
SNP-profile), we will with 90% power be able to identify such a genetic predisposition at a 
5% significance level, if a total of 343 patients are included in the study. Thus, the sample 
size of 500 patients is sufficient.
Methods
Study parameters/endpoints
Main study parameter/endpoint
Main study endpoints are surgical approach, and incidence and clinical course of cerebellar 
mutism. 
To explore the relationship between different surgical methods for the removal of posterior 
fossa tumours, and relate these to the incidence and clinical course of the CMS (prospective 
observational study). Hypothesis: Methods that spare the dentate nuclei and their efferents 
and focus on minimally traumatic techniques lower the risk of developing the CMS by 50%, 
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and lessen its severity and duration by 40% when compared to more invasive tumour removal 
methods. The risk of getting the CMS is greater after re-operation(s) when compared to 
primary surgery.
Secondary study parameters/endpoints
Genetics To analyze the role of genomic variants on the development, severity and recovery 
from the CMS by carrying out a broad genetic profiling of the study participants (SNP 
analysis). Hypothesis: Genetic variants in inflammation, vascularization, neuronal tissues, 
neurotransmitters, neurotransmitter transporters, blood-brain-barrier tissues and/or 
lipoproteins explain at least 50% of the variation in incidence of CMS and explain at least 
40% of the variation in severity, duration and level of recovery from the CMS in those 
instances where tumour type, size, location and the surgical approach are similar.  
Corticosteroids To explore the effect that pre-, intra- and/or postoperative corticosteroids 
may have on the risk and severity of the CMS (prospective observational study). Hypothesis: 
Preoperative corticosteroids have a protective effect against the development of the CMS as 
they reduce vasogenic (tumour induced) cerebral oedema and thereby ICP. Intraoperative 
corticosteroids increase the risk of getting the CMS as the hyperglycaemia that they induce 
can cause acute neurological injury. Postoperative corticosteroids have a negative effect 
on the overall outcome of the CMS as earlier studies have shown a negative effect on the 
treatment of traumatic head injuries.  
Other treatments To investigate the effect of chemo- and radiotherapy on recovery from CMS. 
Additionally information will be gathered on any medication specifically given to treat the 
symptoms of the CMS, with the aim of documenting what helps and does not help (prospective 
observational study). Hypothesis: Chemo- and radiotherapy delay recovery from CMS.   
Tumour type To document the incidence of the CMS according to histological tumour type 
(prospective observational study). Hypothesis: The risk of CMS depends on tumour type. 
Handedness To determine whether the risk of the CMS varies according to handedness 
(prospective observational study). Hypothesis: The risk of CMS is increased in left-handed 
compared to right-handed and even more so in cases of medulloblastomas.  
Comorbidities To determine whether the presence of any comorbidities influences the risk 
of the CMS (prospective observational study). Hypothesis: The risk of CMS is increased 
in patients suffering from chronic comorbidities such as NF1, diabetes, heart diseases etc. 
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Language and speech To analyze the speech and language deficits associated with CMS on 
short- as well as long-term basis, and to explore how preoperative language status affects 
the risk of developing CMS. Both have been done before, although in significantly smaller 
cohorts 6, 14 (prospective observational study). Hypothesis: Poor preoperative speech and 
language status increases the risk of postoperative speech and language deficits. The degree 
and type of impairment also depends on other patient and tumour variables.  
Neuroradiology To replicate and further extend the association between certain neuro-
radiographic features and development of the CMS established by previous studies 23, 32 
(prospective observational study). Hypothesis: Different neuroradiographic features carry 
different risks for the development and progress of CMS.
Study procedures
This project is an open observational study that is set to run for at least 5 consecutive 
years. All children requiring surgery for a cerebellar (posterior fossa) tumour at one of the 
participating centres will be included after informed consent has been obtained. Patients 
with previous surgery, chemotherapy and radiotherapy may be included. The total number 
of projected patients is 500. The participating centres will perform surgery and treat CMS 
according to their local standards, and subsequently register the requested information. 
The following data will be registered at the following 5 time points:  
Preoperatively 
Hospital and country, and patient related variables (date of birth, handedness, bilingualism, sex 
and date of diagnosis). Medical history (previous neurological/neuropsychological/ psychiatric 
problems, comorbidities, previous operations or other treatment for the tumour, previous 
regular use of any kind of medication). Preoperative language and neurological status including 
a speech sample. A blood sample for genetic analysis is not part of the routine treatment plan 
but will be drawn together with the standard blood samples. Alternatively this can be done at 
any time during follow-up. A speech sample is also not part of the routine treatment plan, but 
examination and treatment of speech by a speech therapist is part of the standard treatment 
plan and the speech sample will be embedded in the normal routine testing. 
If acute surgery is required the patient can be included in the study after the operation and 
preoperative information can be obtained from the patient’s medical record and/or from 
the parents.   
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Postoperatively within 72 hours of surgery 
Operation related variables (date, duration and course of operation, surgical position, 
surgical approach, and tumour removal method), complications, technology employed, 
preoperative hydrocephalus and estimated completeness of tumour resection.   
Postoperatively within 1-4 weeks from surgery 
Approximately 1-2 weeks post-op: Postoperative speech status and recording of speech 
sample. Neurological examination. Glucocorticoid administration pre-, intra- or 
postoperatively plus other medications used to treat the CMS postoperatively and 
their effects. Kind(s) of imaging performed on the tumour pre- and postoperatively. 
Approximately 4 weeks post-op: Development and treatment of postoperative intracranial 
haematoma and hydrocephalus, leakage of cerebrospinal fluid and need for ventilator.   
Postoperatively at about 2 months from surgery 
Postoperative development of CMS, detailed survey of the status of CMS in those affected 
including recording of speech sample and neurological examination. Medications used to 
treat the CMS since last registration and their effects.   
Postoperatively at about 12 months from surgery 
Language and neurological status including a speech sample. Medications used to treat 
the CMS since last registration and their effects. Other anti-cancer treatment given 
(chemotherapy and/or radiotherapy). Results from the pathology department regarding 
the kind of tumour histology and genetics. Registration of whether neuropsychological 
assessment(s) have been performed. Kind(s) of imaging performed on the tumour since 
1st follow-up. Copies of the MRIs and descriptions performed pre-op, right after the 
operation and approximately 12 months post-op are obtained (all part of routine therapy 
and follow up).  
All MRIs are analyzed by neuroradiologists with respect to tumour resection and neu-
roradiographic signs associated with CMS. All speech recording are analyzed by speech 
therapists with respect to signs associated with CMS. The results of neuropsychological 
tests that may have been performed routinely will be separately obtained and analyzed. 
Should the patient have posterior fossa tumour surgery performed again during the 12 
months follow-up period, the patient will re-start the follow-up programme from that date. 
A separate pre-op and all the post-op registrations will be performed again, and used in the 
analysis of risk of first versus second or further surgery. New genetic blood samples will 
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not be necessary in these cases. Should the patient have posterior fossa tumour surgery 
performed after the last 12 months follow-up, the patient will be offered to participate in 
the study again and a new consent will have to be obtained. New genetic blood samples 
will not be necessary in these cases. 
All registrations will be performed online and standardized in the database.   
If the patient leaves the study for any reason before the follow-up 12 months post-op, a 
separate form will be filled out explaining why the patient left.   
In time additional countries or centres could enter the study.
Establishment of a research biobank 
As soon as a patient has been registered, the study centre will request a 2 ml anticoagulated 
blood sample for genetic profiling (SNP analysis), which will be stored at Bonkolab, 
Rigshospitalet in Copenhagen until analysis. The DNA will be analyzed in collaboration with 
the Centre for Biological Sequence analysis at the Danish Technical University, Copenhagen. 
The sample will be drawn along with other routine blood samples and will not carry any risks 
per se. After the analyses have been performed, if there is any material left, the samples will be 
kept in Copenhagen for 12 months for validation due to complex bioinformatics. Hereafter 
any remaining material drawn by collaborating centres outside Denmark will be sent back 
to the centres that drew them, where the samples will be subject to the rules applicable in 
that specific country. Remaining material from samples drawn in Denmark will be stored 
at Bonkolab, Rigshospitalet, Copenhagen for the purpose of possible future studies. Future 
studies will require a new acceptance by the Danish National Committee on Health Research 
Ethics and new consents from the patients, unless a dispensation can be granted conform 
“Lov om videnskabsetisk behandling af sundhedsvidenskabelige forskningsprojekter” 
§ 10.  
If the custodial parents do not consent to their child contributing a blood sample to the 
study, the child may still participate in the study, albeit not in the part involving genetic 
analysis. The samples as well as the rest of the study data will be protected under the Act 
on Processing of Personal Data and the Act on the Health Act.   
2014-2017 A database-controlled, automated reminder system will request the necessary 
data for each patient at specified time points. The Ph.D.-student involved will validate all 
responses, request clarifications, update for missing data, and secure that DNA of sufficient 
quality is received for the SNP analyses.  
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Approximately 31. Dec 2017 Entry of patients closes (minimum 500 patients included 
otherwise study will continue to run).   
Approximately 31. Dec 2018 Last 12 month follow-up of last included patient.   
Withdrawal of individual subjects
Subjects can leave the study at any time for any reason if they wish to do so without any 
consequences. The investigator can decide to withdraw a subject from the study for urgent 
medical reasons.
Replacement of individual subjects after withdrawal
Withdrawn subjects will not be replaced; however inclusion of patients will continue until 
the intended 500 subjects have been included.
Follow-up of subjects withdrawn from treatment
The subjects that have withdrawn from the study will receive normal treatment according 
to the local protocol, however their data will no longer be collected.
Premature termination of the study
As this study is an observational study there are no apparent reasons for premature 
termination of the study. 
Safety reporting
Section 10 WMO event
In accordance to section 10, subsection 1, of the WMO, the investigator will inform the 
subjects and the reviewing accredited METC if anything occurs, on the basis of which 
it appears that the disadvantages of participation may be significantly greater than was 
foreseen in the research proposal. The study will be suspended pending further review by 
the accredited METC, except insofar as suspension would jeopardise the subjects’ health. 
The investigator will take care that all subjects are kept informed. 
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AEs, SAEs and SUSARs
Adverse events (AEs)
This study is a prospective observational clinical cohort study. Patients will be treated 
according to the normal clinical protocol. The blood sample will be taken together with 
other routine blood samples. Any adverse events are due to the normal clinical treatment 
plan and will not have any consequences for this observational study. An annual safety 
report is deemed unnecessary. 
Statistical analysis
To analyse the effect of the above mentioned variables (surgical method, administration of 
corticosteroid, handedness etc.) on the risk of developing CMS we will perform univariate 
and multivariate regression analyses as well as standard descriptive analyses. These analyses 
will be performed using SAS.  
For genetic analysis, we will use a newly developed single nucleotide polymorphism (SNP) 
sequencing strategy that allows cost-effective mapping of 25-30,000 genetic polymorphisms 
within biological domains that could potentially be linked to the development of CMS (e.g. 
inflammation, vascularization, blood-brain-barrier markers, and apolipoprotein E and other 
lipoprotein pathway genes) 33. The genetic data will be linked to the clinical data to identify 
genetic variants associated with the risk of CMS or the course of CMS. Specifically we will 
map all SNPs in all genes that are known or are likely to be linked to these pathways, including 
mRNA binding sites and first order protein-protein interactions. Rather than expecting 
large effects of single SNPs, the strategy of this approach is to use front-line bioinformatics 
and pathway analyses to explore the additive effect of numerous SNPs involved in the same 
biological pathway. This will identify high-impact pathways, although with individual 
low-impact SNPs. The results obtained could guide future therapeutic approaches to CMS. 
Primary study parameter(s)
Neurosurgery
To explore the relationship between different surgical methods for the removal of posterior 
fossa tumours, and relate these to the incidence and clinical course of the CMS (prospective 
observational study).  
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Hypothesis: Methods that spare the dentate nuclei and their efferents and focus on minimally 
traumatic techniques lower the risk of developing the CMS by 50%, and lessen its severity 
and duration by 40% when compared to more invasive tumour removal methods. The risk 
of getting the CMS is greater after re-operation(s) when compared to primary surgery.   
Secondary study parameter(s) 
Genetics 
To analyze the role of genomic variants on the development, severity and recovery from 
the CMS by carrying out a broad genetic profiling of the study participants (SNP analysis). 
Hypothesis: Genetic variants in inflammation, vascularization, neuronal tissues, neuro-
transmitters, neurotransmitter transporters, blood-brain-barrier tissues and/or lipoproteins 
explain at least 50% of the variation in incidence of CMS and explain at least 40% of the 
variation in severity, duration and level of recovery from the CMS in those instances where 
tumour type, size, location and the surgical approach are similar.  
Corticosteroids 
To explore the effect that pre-, intra- and/or postoperative corticosteroids may have on the 
risk and severity of the CMS (prospective observational study). 
Hypothesis: Preoperative corticosteroids have a protective effect against the development 
of the CMS as they reduce vasogenic (tumour induced) cerebral oedema and thereby ICP. 
Intraoperative corticosteroids increase the risk of getting the CMS as the hyperglycaemia 
that they induce can cause acute neurological injury. Postoperative corticosteroids have a 
negative effect on the overall outcome of the CMS as earlier studies have shown a negative 
effect on the treatment of traumatic head injuries.  
Other treatments 
To investigate the effect of chemo- and radiotherapy on recovery from CMS. Additionally 
information will be gathered on any medication specifically given to treat the symptoms 
of the CMS, with the aim of documenting what helps and does not help (prospective 
observational study). 
Hypothesis: Chemo- and radiotherapy delay recovery from CMS.   
166
Prospective cohort
8
Tumour type 
To document the incidence of the CMS according to histological tumour type (prospective 
observational study). 
Hypothesis: The risk of CMS depends on tumour type.  
Handedness 
To determine whether the risk of the CMS varies according to handedness (prospective 
observational study). 
Hypothesis: The risk of CMS is increased in left-handed compared to right-handed and 
even more so in cases of medulloblastomas.  
Comorbidities 
To determine whether the presence of any comorbidities influences the risk of the CMS 
(prospective observational study). 
Hypothesis: The risk of CMS is increased in patients suffering from chronic comorbidities 
such as NF1, diabetes, heart diseases etc.  
Language and speech 
To analyze the speech and language deficits associated with CMS on short- as well as long-
term basis, and to explore how preoperative language status affects the risk of developing 
CMS. Both have been done before, although in significantly smaller cohorts 6, 14 (prospective 
observational study). 
Hypothesis: Poor preoperative speech and language status increases the risk of postoperative 
speech and language deficits. The degree and type of impairment also depends on other 
patient and tumour variables.  
Neuroradiology 
To replicate and further extend the association between certain neuroradiographic features 
and development of the CMS established by previous studies 23, 32 (prospective observational 
study). 
Hypothesis: Different neuroradiographic features carry different risks for the development 
and progress of CMS.
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Interim analysis (if applicable)
An interim publication will be done by the Nordic group when 200 patients have been 
included. One descriptive publication covering preliminary results about  
•	 Feasibility 
•	 Epidemiological data on the incidence and clinical course of the CMS 
according to tumour type, comorbidities and treatment 
•	 Diversity in surgical approaches to posterior fossa tumours and differences 
between first operation and eventual re-operation(s)  
However, the interim analysis will not have any conseqeunces for the continuation of this 
study. Regarding the fact that this is an observational study, enrolment in the study is not 
associated with any increased risk so a safety analysis is not necessary.
Ethical considerations
Regulation statement
This study will be conducted according to the principles of the Declaration of Helsinki 
(Adopted by the 18th WMA General Assembly, Helsinki, Finland, June 1964, and amended 
by the 64th WMA General Assembly, Fortaleza, Brazil, October 2013) and in accordance 
with the Medical Research Involving Human Subjects Act (WMO). The study has already 
been approved by the Committee on Health Research Ethics in the Capital Region of 
Denmark. 
Recruitment and consent
All patients who meet the inclusion criteria will be informed about and offered to participate 
in the study by the attending physician responsible for the child’s treatment after the decision 
for surgery has been made. The written information will be handed out and a meeting, 
with an assessor if wished by the patient or the parents, will be arranged with one of the 
doctors working with the study. The meeting will be held either at the Department of 
Paediatrics or at the Department of Neurosurgery of the participating centres in a room 
where sufficient time and peace is ensured. The consent to participate should be obtained 
within 5 days from this meeting. In order to answer the main study questions, there are 
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no investigations or registrations that are essential to be performed before surgery that are 
not already a part of routine diagnostic procedures. Therefore, if acute surgery is required, 
information about the study and the offer to participate can be given within 7 days from 
the operation, under the same conditions as stated above. In these cases preoperative 
data about the patient can be obtained from the patient’s medical record and/or from the 
parents, but a preoperative speech sample cannot be performed, as this is not a part of the 
routine investigation. There are other situations where a speech sample cannot be obtained 
preoperatively, e.g. if the patient is in a coma on admission and diagnosis. Patients who 
for any reason cannot participate with a preoperative speech sample will not be able to be 
included in the analysis of whether and how preoperative speech and language status affects 
the risk of developing CMS, but may be included in all the other study analyses. Speech 
samples will be performed postoperatively in exactly the same manner as in patients that 
were included before operation to able to monitor the patient’s speech postoperatively 
and register signs of the CMS. The blood sample can be taken either preoperatively or 
postoperatively, and will therefore be taken at any convenient time point after consent has 
been obtained. Hence, if the operation is acute the patient will not be enrolled in the study 
before the operation and no registrations or investigations with relation to the study will 
be performed before the consent has been obtained with reasonable time for consideration. 
If the patient turns 18 while included in the study, a new consent to participate will have 
to be given by the patient him- /herself.    
Objection by minors
In this study, the code of conduct relating to expressions of objection by minors participating 
in medical research, as stated by the WMO (“Wet Medisch-wetenschappelijk Onderzoek 
met mensen”), is valid. 
Benefits and risks assessment, group relatedness
The documentation of surgical methods, genetic predisposition, effect of steroids and 
medical treatment as well as tumour-specific incidence the of CMS in children with posterior 
fossa tumours in the Nordic countries would 
a) allow paediatric neurosurgeons and oncologists to systematically compare 
their approaches and results to those of their colleagues 
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b) aid in the design of individual treatment regimens based on possible genetic 
predisposition to developing the CMS 
c) assist with more precise preoperative counselling of the children and their 
families 
d) be a platform for future research on the exploration, prevention and treat-
ment of CMS - not just in the Nordic countries, but worldwide.
Participating in the study would not in any way impact or interfere with the child’s treatment 
plan, and giving information to the family preoperatively about potential risks of surgery is 
already a standard requirement mandated by law in the Nordic countries. The child would 
not be subject to any additional investigations or tests other than those that already are 
routinely carried out, apart from the blood sample, which can be taken at any convenient 
time point along with other routine blood samples and a couple of short recordings of the 
child’s speech. Thus the child will not be exposed to any additional risks or disadvantages 
by participating in this study.
The study will include children under the age of 18 due to the following reasons: 
1) CMS is almost exclusively seen in children. Very few cases of CMS in adults 
can be found in the literature 5, and thus it would not be possible to perform 
this study in an adult population. 
2) Besides contributing to an increased understanding and awareness of the 
CMS this study has the direct prospect of reducing both the incidence and 
the severity of the syndrome, which would be a great advantage for other 
children with CMS.   
3) Participating in the study will not impact or interfere with the child’s 
treatment plan and the child will not be exposed to any additional risks or 
disadvantages by participating in this study except for the blood sample 
which carries minimal risks and discomfort.  This meets the requirements 
stated in the “Lov om videnskabsetisk behandling af sundhedsvidenskabelige 
forskningsprojekter” § 19 subclause 3, corresponding to group C in the 
guidance note from the Danish National Committee on Health Research 
Ethics. Informed consent to registration in the study and genetic analysis 
would be required, and the study will be submitted for approval to the 
relevant national scientific ethics boards and data protection agencies. 
Since it at present is not known whether patients with any particular genetic 
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variations carry an extra risk of suffering CMS after surgery, and since 
this study is exploratory and significant result will require independent 
validation, the results of the genetic tests will not be revealed to any 
patient, but only used in an anonymized fashion for statistical analysis. If 
the interim analysis shows that any of the treatments a priori increase or 
decrease the risk of CMS, this will be incorporated into the treatment plans 
for the future project participants. The patients will be protected under the 
Act on Processing of Personal Data and the Act on the Health Act. 12-17 
year old trial subjects will receive separate written information about the 
project. It will be fully respected if a 12-17 year old person does not wish 
to participate in the study or parts of the study.  
Compensation for injury
The investigators wish to obtain dispensation from the statutory obligation to provide 
insurance, because participating in the study is without risks. 
Liability insurance is covered by the individual participating centers for the patients that 
they treat.
Administrative aspects, monitoring and publication
Handling and storage of data and documents
Data will be stored in a secured, online database which has already been developed and 
tested in the Nordic countries. Personal data will be stored only once and patients will 
be allocated a study ID number which will be used from then on. A database-controlled, 
automated reminder system will request the necessary data for each patient at specified time 
points. The Ph.D.-student involved will validate all responses, request clarifications, update 
for missing data, and secure that DNA of sufficient quality is received for the SNP analyses.
Handling of the data complies with the Dutch Personal Data Protection Act (in Dutch: De 
Wet Bescherming Persoonsgegevens, WBP). 
Amendments 
Amendments are changes made to the research after a favourable opinion by the accredited 
METC has been given. All amendments will be notified to the METC that gave a favourable 
opinion. 
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Annual progress report
The sponsor/investigator will submit a summary of the progress of the trial to the accredited 
METC once a year. Information will be provided on the date of inclusion of the first subject, 
numbers of subjects included and numbers of subjects that have completed the trial, serious 
adverse events/ serious adverse reactions, other problems, and amendments. 
End of study report
The investigator will notify the accredited METC of the end of the study within a period 
of 8 weeks. The end of the study is defined as the last patient’s last visit. 
In case the study is ended prematurely, the investigator will notify the accredited METC 
within 15 days, including the reasons for the premature termination.
Within one year after the end of the study, the investigator/sponsor will submit a final study 
report with the results of the study, including any publications/abstracts of the study, to 
the accredited METC. 
Public disclosure and publication policy
This observational study is registered in the public international trial register under number 
NCT02300766. 
An interim analysis will be published when 200 patients have been included. One descriptive 
publication will be done covering preliminary results about feasibility, epidemiological data 
on the incidence and clinical course of the CMS according to tumour type, comorbidities 
and treatment, diversity in surgical approaches to posterior fossa tumours and differences 
between first operation and eventual re-operation(s). 
Further publications will follow at the end of the study when 500 patients have finished the 
follow-up. Publications will be covering the main results on 
1. Incidence, comorbidities, neuroradiology and other treatments: epidemio-
logical data on the incidence and clinical course of the CMS according to 
tumour type, comorbidities, neuroradiographic features, neuropsychologi-
cal and linguistic changes, descriptions of the various medications used 
by the participating centres to treat the symptoms of the CMS, and their 
clinical effects plus the effects of chemo- and radiotherapy will be submit-
ted for publication. 
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2. Surgery: the diversity in surgical approaches to posterior fossa tumours and 
the associated risk, severity and duration of CMS, as well as the difference 
in risk of developing the CMS after primary surgery versus re-operation. 
3. Genetics: associations between genetic variants in inflammation, vasculari-
zation, blood-brain barrier tissues and/or lipoproteins (SNP-data) and the 
incidence, severity, duration and level of recovery from CMS. 
4. Corticosteroids: associations between pre-, intra- and postoperative glu-
cocorticoid administration and the development and outcome of CMS. 
Positive as well as negative and inconclusive results will be published.  
Potential issues of concern
There are no potential issues of concern in this study. 
Both the Rigshospitalet, Copenhagen, Denmark as well as the Radboud University Medical 
Centre, Nijmegen have significant experience and published knowledge on the cerebellar 
mutism syndrome 10-12, 28, 29. 
List of abbreviations and relevant definitions 
 
ABR ABR form, General Assessment and Registration form, is the application 
form that is required for submission to the accredited Ethics Committee (In 
Dutch, ABR = Algemene Beoordeling en Registratie)
AE Adverse Event
AR Adverse Reaction
CCMO Central Committee on Research Involving Human Subjects; in Dutch: 
Centrale Commissie Mensgebonden Onderzoek
CMS Cerebellar Mutism Syndrome
CV Curriculum Vitae
DSMB Data Safety Monitoring Board
EU European Union
GCP Good Clinical Practice
IC Informed Consent
METC Medical research ethics committee (MREC); in Dutch: medisch ethische 
toetsing commissie (METC)
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(S)AE (Serious) Adverse Event 
Sponsor The sponsor is the party that commissions the organisation or performance 
of the research, for example a pharmaceutical company, academic hospital, 
scientific organisation or investigator. A party that provides funding for a 
study but does not commission it is not regarded as the sponsor, but referred 
to as a subsidising party.
Wbp Personal Data Protection Act (in Dutch: Wet Bescherming Persoonsgevens)
WMO Medical Research Involving Human Subjects Act (in Dutch: Wet Medisch-
wetenschappelijk Onderzoek met Mensen
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Although the current literature points at the dentaterubrothalamic tract as the anatomical 
substrate of cerebellar mutism, there is still little evidence to support this hypothesis 
(Chapter 2). 
The current thesis does not answer the question of the anatomical substrate either. It does, 
however, provide an anatomical and technical basis for future imaging studies that will 
answer this question. 
We have gone back to basics. 
Results of this thesis
As the main suspect, the dentaterubrothalamic tract was subject of our investigations. In 
our patient with cerebellar mutism, Diffusion Weigthed Imaging suggested secondary 
damage to this tract, due to a left pontine infarction (Chapter 3). Its anatomical course as 
well as its nomenclature through history was reviewed in Chapter 4. Detailed anatomical 
knowledge was essential to correctly interpret the histological sections for segmentation 
of the dentaterubrothalamic tract in Chapter 5. There was a considerable similarity 
between the location of the tract based on diffusion tensor imaging and its position in a 
three-dimensional histological reconstruction (Chapter 5). The study was performed in a 
post mortem brain of an 87 year old woman and may not be representative for the clinical 
situation; in vivo, and in far younger patients. On the other hand, the physical principles 
on which both histology and diffusion weighted tractography are based, do not depend 
on age or individual characteristics of a patient. In an older subject, tractography may be 
even harder because of decreased FA 18 and brain atrophy. Obviously, the gap between 
post-mortem and in vivo tractography cannot be bridged by human studies for ethical 
considerations. Animal studies 4-6 can only partly solve this problem.
In Chapter 6, we demonstrated that in high quality and high angular and spatial resolution 
data, tractography of the cerebellar white matter tracts (the superior, middle and inferior 
cerebellar peduncles) was feasible and reproducible in a large number of healthy subjects. 
A probabilistic three-dimensional atlas of the cerebellar white matter was developed and 
standard templates at different probability thresholds were derived. The goal of these 
templates is to facilitate automatic segmentation of the cerebellar peduncles, the localization 
of cerebellar white matter lesions and the comparison of white matter integrity between 
patients and controls. It may eventually aid in defining structure-function relationships in 
patients with cerebellar disorders.
181
G
eneral discussion
9
Another possible suspect for the anatomical substrate of the cerebellar mutism, are the 
cerebellar nuclei. They are the computational centre of the cerebellum, generating the final 
cerebellar output. They play a crucial role in the cerebello-cerebral circuitry 9, 12. In Chapter 
7, we demonstrated that detailed imaging of the cerebellar nuclei is feasible. However, even 
in high resolution, high contrast images, the correct identification of the individual nuclei 
remains difficult. Yet when the three-dimensional histological reconstruction of these 
nuclei is superimposed on the MRI, the nuclei can be immediately identified. This work 
also culminated in an atlas, but unlike the earlier white matter atlas (which was based on the 
average of 90 subjects) this one was based on only one postmortem specimen and cannot just 
be extrapolated to the general population. This atlas is not intended as a standard template 
but will serve as a highly detailed anatomical reference. It will attribute to the general 
knowledge on the cerebellar nuclei, their anatomical orientation and complex morphology.
The basic anatomical and technical knowledge derived from this work should be translated 
into a clinical cohort study in order to answer our primary question regarding the anatomical 
substrate of cerebellar mutism.  
Concurrent developments in the field
It was a fortunate concurrence that during the work on this thesis, two major changes took 
place in the field of cerebellar mutism. First, the Posterior Fossa Society was founded by 
Thora Gudrunardottir, aiming for further research and improved treatment for children with 
the postoperative cerebellar mutism syndrome. The first International Consensus Meeting 
in 2015 brought together pediatric neurologists, neuropsychologists, speech pathologists, 
neuroscientists, neurosurgeons and other researchers working in this small field of interest. 
The meeting resulted in international consensus on definition and nomenclature of the 
pediatric postoperative cerebellar mutism syndrome – back to basics, culminating in a 
prerequisite for future research (www.posteriorfossa.org). 
Second, the first and largest ever prospective cohort study on Cerebellar Mutism was set 
up in the Nordic countries, in order to investigate the incidence of cerebellar mutism as 
well as its risk factors and the influence of surgical strategies, medical therapies and genetic 
factors. The study has been expanded to the Netherlands (Chapter 8) and expansion to the 
United Kingdom will follow shortly. 
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Together with the University Medical Centre Groningen and the Erasmus Medical Centre 
Rotterdam, the Radboud University Medical Centre Nijmegen aims to include 60 patients 
during the next two years. The goal of the Dutch study group is to elaborate on this Nordic 
Cerebellar Mutism Study by including Diffusion Weighted Imaging in the standard imaging 
protocol for pediatric brain tumors for early detection of white matter integrity changes.  
Implications for current clinical practice
Although the gold standard approach to fourth ventricle tumors is the telovelar 7, (partial) 
splitting of the vermis is still a commonly used technique world-wide. However, damage 
to the vermis is not predictive of the cerebellar mutism syndrome 10. Also, surgeons who 
changed their practice from vermian splitting to the telovelar approach did not experience 
any change in the incidence of cerebellar mutism 14. As long as there is no evidence for 
superiority of one surgical procedure above the other, both modalities will be used. 
Future changes in neurosurgical management may concern the surgical strategy. The general 
goal in neuro-oncological surgery is to accomplish a “maximal safe resection”. In case of 
a pilocytic astrocytoma or an ependymoma, a total resection generally means curation of 
the patient. In case of a medulloblastoma, however, the prognosis and treatment regimen 
depend on age, the presence of metastases, and size of the residual tumor (more or less than 
1.5 mm3). Especially in medulloblastomas, molecular diagnosis is changing the therapeutic 
field rapidly 8. 
This may implicate that, in case of the superior cerebellar peduncles as the anatomical 
substrate of the cerebellar mutism, a tiny piece of residual tumor on the roof of the 
fourth ventricle does not necessarily hamper a good prognosis. Indeed, avoiding heavy 
manipulation may even lead to a better clinical outcome and better quality of life. 
Surgical changes may also implicate different techniques and tools. Recent studies suggest 
a correlation between the occurrence of cerebellar mutism and the use of an ultrasonic 
aspirator 1.
The biggest change in the treatment of children with a posterior fossa tumor will be a mind 
shift in the treating physicians, which is already taking place in the Western world. More 
and more pediatricians, neurologists and neurosurgeons are familiar with the syndrome 
of cerebellar mutism and its devastating consequences for the child and its parents, not 
only postoperatively but also in later life. The critical role of the cerebellum in emotional, 
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cognitive and behavioral functions, besides its role in the coordination of movements, is 
acknowledged. Especially in children, the delicate cerebellar tissue should be regarded as 
eloquent as any other part of the brain. 
Future studies
Expansion of the Nordic Cerebellar Mutism Study to the Dutch neurosurgical field, and 
implementation of Diffusion Weighted Imaging in the pediatric brain tumor imaging 
protocol will be the first steps into future research.
Preoperative diffusion weighted tractography may demonstrate how the cerebellar white 
matter is distorted by the tumor. It would be interesting to investigate whether this distortion 
pattern is correlated to the tumor pathology or even to the occurrence of cerebellar mutism. 
If so, pre-operative tractography could be used as a prognostic indicator. 
Preoperative diffusion weighted imaging compared to one day postoperative imaging and 
further follow up imaging may show us how the white matter integrity changes over time, 
whether it correlates with the occurrence and severity of the cerebellar mutism syndrome 
and what areas of the cerebellum are mostly affected. Knowledge on the anatomical substrate 
may guide future studies regarding the pathophysiology and the role of therapeutic agents, 
such as antipsychotics or vascular agents 3, 13. Better knowledge may also lead to improvement 
of surgical approaches, techniques or strategies. 
Besides DWI and tractography, there are other promising imaging modalities. Susceptibility 
Weighted Imaging (SWI) and 7 Tesla structural imaging may provide relevant information 
regarding structural damage to the cerebellar nuclei in patients with the cerebellar mutism 
syndrome. It has never been investigated whether or not the nuclei are structurally damaged 
in these children, which of the four bilateral nuclei are damaged and to what extent. Large 
and well-designed prospective studies using pre- and postoperative Single Photon Emission 
Computed Tomography (SPECT) or Arterial Spin Labeling (ASL) 17 imaging may clarify 
the question of supratentorial hypoactivity. 
Technical developments will lead to a further increase in scanning resolution, facilitating 
functional MRI studies of the cerebellar cortex and cerebellar nuclei, not only the dentate 
but also the smaller fastigial, emboliform and globose nuclei. Higher resolution in Diffusion 
Weighted Imaging would make it possible to visualize the small white matter fibers bundles 
between cerebellar cortex and cerebellar nuclei, perhaps reflecting a similar zonular 
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distribution as demonstrated in lower mammals 16. Tractography may be used to investigate 
whether, in humans, white matter fibers from the ventrolateral and dorsomedial dentate 
are indeed functionally connected to different cerebellar cortical areas, that are, in turn, 
connected to distinct cerebral cortical areas. 
Tractography may also be used to visualize the small fiber bundle that runs from the dentate 
nucleus to the contralateral olivary nucleus. In patients with cerebellar mutism, damage 
to this tract is possibly responsible for the later development of olivary hypertrophy 11, 15. 
Anatomical studies, such as the three-dimensional histology that was used in this study, 
or the newer Polarized Light Imaging (PLI) that enables visualization of white matter 
fiber orientation at microscopic level 2, will always be needed as a reference for the above 
mentioned imaging modalities. 
Finally, the anatomical substrate of cerebellar mutism will be revealed by dedication, 
innovation and international collaboration.  
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Summary
Cerebellar mutism may develop in up to 34% of children that are operated for a cerebellar 
tumor. In an otherwise alert and cooperative patient, there is an inability to speak which is 
frequently accompanied by emotional lability and cognitive and behavioral disturbances. 
The syndrome affects not only the child, but the whole family. 
To improve the quality of life for pediatric brain tumor survivors, but also out of 
neuroscientific interest, the initial goal of this thesis was to unravel the anatomical substrate 
of cerebellar mutism. Unraveling the anatomical substrate may improve surgical strategies. 
Although recent studies addressed this question using modern imaging techniques, some 
fundamental anatomical and technical problems should be investigated first. We have to 
go back to basics (Chapter 1). 
The main hypothesis regarding the cerebellar mutism syndrome states that the mutism 
is caused by damage to the dentaterubrothalamic tract (DRTT), resulting in a functional 
disruption of the cerebello-cerebral circuitry and cerebral cortical hypoactivity. The level 
of evidence to support this hypothesis is low. Theoretically, all anatomical structures that 
take part in this cerebello-cerebral circuitry may be responsible for its disruption and 
hence, dysfunction. Chapter 2 reviews the evidence for and against the main hypothesis 
and its alternatives.
The DRTT, being the main suspect, was the primary subject of our investigations. In a 
patient with cerebellar mutism, diffusion weighted imaging suggested secondary damage 
to this tract, due to a left pontine infarction after resection of an epidermoid cyst in the 
posterior fossa (Chapter 3). The left DRTT was smaller and its fractional anisotropy was 
reduced compared to the –unaffected- contralateral side. Although the level of evidence is 
low, the findings in this study support the general hypothesis. 
Detailed anatomical knowledge is essential when it comes to studying structure-function 
correlations and interpretation of modern imaging techniques. Our anatomical knowledge 
of the brainstem and cerebellum goes back to the first descriptions by Stilling (1864). He 
was the first to describe the anatomical course of the DRTT correctly and pictured it in 
meticulous detail in stone lithographs of histological sections. Chapter 4 reviews the historical 
descriptions and nomenclature of the DRTTs and their horse-shoe like decussation.  
Diffusion Weighted Imaging (DWI) tractography is a technique with great potential to in 
vivo characterize the anatomical position and integrity of white matter tracts. It remains, 
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however, an estimation, and false positive and false negative rates are not available. Chapter 
5 describes the comparison of post mortem tractography of the DRTT with its 3D histological 
reconstruction. The Similarity Index of 0.72 and the high sensitivity and specificity in the 
ROC curve demonstrate a high spatial accuracy of post mortem probabilistic tractography 
of the DRTT. 
Translation of this post-mortem work to a clinical situation is difficult. In Chapter 6, 
tractography of the superior, middle and inferior cerebellar peduncle was performed in 
high angular and spatial resolution diffusion MRI data from 90 subjects participating in the 
Human Connectome Project. The white matter tracts were estimated using probabilistic 
tractography. Results over 90 subjects were symmetrical and trajectories of superior, middle 
and inferior cerebellar peduncles resembled the anatomy as known from anatomical studies. 
The work culminated into a three-dimensional atlas and binary templates that will facilitate 
automatic segmentation of the cerebellar peduncles, the localization of lesions and the 
comparison of white matter integrity between patients and controls.
Another possible suspect for the anatomical substrate of the cerebellar mutism, are the 
cerebellar nuclei as they play a crucial role in the cerebello-cerebral circuitry. Imaging of the 
cerebellar nuclei is still challenging due to their small size and low contrast. In Chapter 7, 
a post-mortem cerebellum was scanned at 7 Tesla and subsequently serially sectioned. The 
three-dimensional histological reconstruction of the cerebellar nuclei was superimposed 
on the MR images, facilitating the correct identification of the individual cerebellar nuclei. 
The work culminated into a highly detailed three-dimensional atlas of the cerebellar nuclei 
that will attribute to a better understanding of the complex three-dimensional orientation 
and morphology of the cerebellar nuclei. 
The fundamental anatomical and technical work are to be translated into a clinical study in 
order to answer the question regarding the anatomical substrate of cerebellar mutism. The 
Nordic Cerebellar Mutism Study Protocol has been translated to the Dutch situation and is 
included in Chapter 8. The aim of this prospective observational cohort study is to gather 
information on incidence and risk factors for the development of cerebellar mutism, as 
well as the influence of surgical, medicinal and genetic factors. Five hundred children aged 
between 0 and 18 years, undergoing surgery for a posterior fossa tumor, are to be included. 
The study has already started in the Nordic countries and the protocol has recently been 
approved by the Medical Ethical Committee in the Netherlands.
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This thesis provides the basis for future implementation of state-of-the-art imaging 
techniques in the clinical research setting. Future plans concern pre- and postoperative 
Diffusion Weighted Imaging for evaluation of white matter integrity, Susceptibility Weighted 
Imaging and 7 Tesla structural imaging of the cerebellar nuclei. The ultimate goal remains 
to correlate structural lesions to the clinical picture, and find the anatomical substrate of 
the cerebellar mutism (Chapter 9).  
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Cerebellair mutisme komt voor bij bijna 34% van de kinderen die geopereerd worden aan 
een cerebellaire tumor. Ondanks dat het kind alert en coöperatief is, kan het niet spreken. Dit 
gaat vaak gepaard met emotionele labiliteit, cognitieve stoornissen en gedragsstoornissen. 
Het syndroom raakt niet alleen het kind, maar de hele familie. 
Om voor kinderen de kwaliteit van leven na een hersentumor te verbeteren, maar ook 
vanuit neurowetenschappelijke interesse, was het initiële doel van dit proefschrift om het 
anatomisch substraat van het cerebellair mutisme syndroom te ontrafelen. Dit zou kun-
nen leiden tot een verbetering van chirurgische strategieën. Hoewel recente studies dit 
probleem hebben aangepakt met behulp van moderne beeldvormingstechnieken, bleven 
enkele fundamentele anatomische en technische vraagstukken onbeantwoord. We moeten 
dus terug naar de basis (Hoofdstuk 1). 
De belangrijkste hypothese ten aanzien van het cerebellair mutisme zegt, dat het mutisme 
veroorzaakt wordt door schade aan de tractus dentaterubrothalamicus (DRTT), die leidt tot 
een functionele verbreking van het cerebello-cerebrale circuit en dientengevolge cerebrale 
corticale hypoactiviteit. Het bewijs voor deze hypothese is mager. Theoretisch gezien 
kunnen alle anatomische structuren, die deelnemen aan het cerebello-cerebrale circuit, 
verantwoordelijk zijn voor de verbreking ervan en dus voor de dysfunctie. Hoofdstuk 2 
bespreekt de argumenten voor en tegen deze hypothese en de alternatieve hypothesen. 
De DRTT, die het meest verdacht is als anatomisch substraat, was het eerste onderwerp 
van dit onderzoek. Bij een patiënt met cerebellair mutisme ten gevolge van een linkszijdig 
ponsinfarct na resectie van een epidermoid cyste in de achterste schedelgroeve, liet Diffusion 
Weighted Imaging (DWI) secundaire schade zien aan de linker DRTT (Hoofdstuk 3). 
Deze was kleiner en de fractionele anisotropie was verlaagd ten opzichte van de – niet-
aangedane – rechterkant. Alhoewel de bewijskracht laag is, ondersteunen de bevindingen 
in deze studie de hierboven beschreven algemeen geaccepteerde hypothese.
Nauwgezette anatomische kennis is essentieel als het gaat om onderzoek naar correlaties 
tussen structuur en functie en het interpreteren van moderne beeldvormingstechnieken. 
Onze huidige kennis van de hersenstam en het cerebellum gaat terug tot de eerste beschrij-
vingen door Stilling (1846). Hij was de eerste die het anatomische beloop van de DRTT 
op correcte wijze beschreef en het in minutieus detail uittekende in steenlithografieën van 
histologische coupes. Hoofdstuk 4 gaat over de historische beschrijvingen en nomenclatuur 
van de DRTT en de hoefijzervormige decussatio van de bilaterale tracti. 
197
Sam
envatting
DWI is een techniek met grote potentie om in vivo de anatomische positie en de integri-
teit van een witte stof baan in kaart te brengen. Het blijft echter een benadering van de 
werkelijkheid; fout-positieve en fout-negatieve waarden zijn niet beschikbaar. In Hoofd-
stuk 5 wordt post mortem probabilistische tractografie van de DRTT vergeleken met de 
driedimensionale histologische reconstructie van dezelfde tractus in hetzelfde brein. De 
Similarity Index van 0.72 en de hoge sensitiviteit en specificiteit in de Receiver Operating 
Characteristic (ROC) curve laten een hoge spatiële nauwkeurigheid zien van post mortem 
tractografie van de DRTT.
Dit post mortem werk kan niet zomaar vertaald worden naar een klinische situatie. In 
Hoofdstuk 6 wordt tractografie gedaan van pedunculus superior, medius en inferior van 
het cerebellum op basis van data van 90 proefpersonen die deelnamen aan het Humane 
Connectome Project. De data waren van hoge angulaire en spatiële resolutie. De witte stof 
banen werden gereconstrueerd door middel van probabilistische tractografie. De resultaten, 
gemiddeld over 90 proefpersonen, waren symmetrisch en de trajecten van pedunculus 
superior, medius en inferior kwamen sterk overeen met de anatomie zoals wij die kennen 
uit anatomische studies. Het werk resulteerde in een driedimensionale atlas. De binaire 
sjablonen die ervan zijn afgeleid, kunnen gebruikt worden om automatisch de cerebellaire 
pedunculi te segmenteren, laesies te lokaliseren en de integriteit van witte stof te vergelijken 
tussen patiënten en gezonde proefpersonen. 
Een andere mogelijke verdachte voor het anatomisch substraat van cerebellair mutisme, 
zijn de cerebellaire kernen, omdat zij een cruciale rol spelen in het cerebello-cerebrale 
circuit. Beeldvorming van de cerebellaire kernen is echter moeilijk, omdat ze zo klein 
zijn en weinig contrasteren met de omliggende witte stof. In Hoofdstuk 7 wordt een post 
mortem cerebellum gescand onder zeer hoge resolutie, en vervolgens serieel aangesneden. 
De driedimensionale histologische reconstructie van de cerebellaire kernen werd gefuseerd 
met de MRI, waardoor de individuele nucleï gemakkelijker konden worden geïdentificeerd 
in de MRI. Het werk resulteerde in een zeer gedetailleerde atlas van de cerebellaire kernen, 
die bij zal dragen aan een beter begrip van hun complexe oriëntatie en morfologie.  
Dit anatomische en technische werk kan nu worden vertaald naar een klinische studie om 
antwoord te geven op de uiteindelijke vraag naar het anatomisch substraat van cerebellair 
mutisme. Het studieprotocol van de Nordic Cerebellar Mutism Study is vertaald naar de 
Nederlandse situatie en is opgenomen in Hoofdstuk 8. Het doel van deze prospectieve 
observationele studie is om informatie te verzamelen over de incidentie van en risicofactoren 
voor het krijgen van cerebellair mutisme, alsook de invloed van chirurgische, medicinale en 
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genetische factoren. Vijfhonderd kinderen tussen de 0 en 18 jaar oud, die een tumorresectie 
in de achterste schedelgroeve ondergaan, zullen worden geïncludeerd. De studie is reeds 
gestart in de Scandinavische landen en het protocol is recent goedgekeurd door de 
Nederlandse Commissie voor Mensgebonden Onderzoek. 
Dit proefschrift heeft een basis gelegd voor toekomstige implementatie van state-of-the-art 
beeldvormingstechnieken in een klinisch onderzoek. Toekomstige plannen betreffen pre- 
en postoperatieve DWI voor beoordeling van de integriteit van de witte stof, Susceptibility 
Weighted Imaging (SWI) en hoog-resolutie structurele beeldvorming van de cerebellaire 
kernen. Het uiteindelijke doel blijft om structurele laesies te correleren aan het klinisch 
beeld en zo het anatomisch substraat van cerebellair mutisme te ontrafelen (Hoofdstuk 9). 
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Een Übermensch is een contradictio in terminis. Een mens heeft anderen nodig om het beste 
uit zichzelf te halen. Daarom een speciaal woord van dank voor de mensen die van bijzondere 
waarde zijn geweest voor de totstandkoming van dit proefschrift en voor mij persoonlijk. 
Allereerst heel hartelijk dank aan de kinderen en hun ouders die zo open hebben willen 
spreken over het syndroom dat hun leven zo veranderde. Ook heel veel dank aan de mensen, 
die in naam van de wetenschap hun lichaam ter beschikking hebben gesteld, zowel in vivo 
door lange tijd in de scanner te liggen, als post mortem. 
Veel dank ben ik verschuldigd aan professor Grotenhuis. Uw Begeisterung voor het vak en 
uw oneindige kennis van alles is voor mij een grote bron van inspiratie en motivatie. Ik ben 
trots dat ik u mijn opleider mag noemen – en nu ook mijn promotor. U heeft mij tijdens 
mijn opleiding en onderzoek heel vrij gelaten en altijd vertrouwen gehad in de keuzes die 
ik maakte. Ik hoop dat we deze vrijheid, die kenmerkend is voor de Nijmeegse opleiding 
neurochirurgie, kunnen blijven behouden. Binnen die vrijheid was u er wanneer ik u nodig 
had en wees u mij de weg. Heel, heel hartelijk dank.
Professor Bartels, beste Ronald, hartelijk dank voor je besluitvaardige optreden tijdens 
de eerste stappen van dit onderzoek. Ik heb grote bewondering voor hoe je jouw enorme 
productiviteit op klinisch, wetenschappelijk en bedrijfskundig gebied altijd weet te 
combineren met een lach. 
Staf en opleiders van het Neurochirurgisch Centrum Nijmegen, jullie hebben mij gevormd 
tot de neurochirurg die ik nu ben en daar zal ik jullie mijn leven lang dankbaar voor zijn. 
Ik zal jullie stemmen nog vaak in gedachten horen wanneer ik aan het opereren ben.  
Collega AIOS, ANIOS, PA’s, secretaresses, verpleegkundigen van OK, SEH, IC, MC, 
C2N, C12. We hebben samen gezweet, gelachen en gehuild. Hartelijk dank voor de fijne 
samenwerking, de gezelligheid, de liefde voor ons vak. 
Professor Voogd, hartelijk dank voor alle uurtjes in uw tuin. Koffie en een sigaar en een 
onuitputtelijke bron van kennis van cerebellaire anatomie. Soms was u in lange tijd de enige 
die informeerde naar mijn vorderingen en dat was een enorme stimulans. Hartelijk dank 
voor uw interesse en samenwerking. 
Anne-Marie, binnen enkele jaren hebben we niet alleen een proefschrift, maar ook een 
mooie internationale neuro-anatomische samenwerking op poten gezet! Hartelijk dank 
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voor jouw inzet voor dit onderzoek. Dank voor je enthousiasme, je vertrouwen in mijn 
plannen en je inzet om die ten uitvoer te brengen. 
Michiel, door jou kon ik een maand in Oxford zijn om te leren werken met de FMRIB 
Software Library. Je hebt me forward loops leren schrijven en mijn frustraties over de 
intolerantie van computers voor onbenullige typefoutjes rustig geaccepteerd. Dank voor 
je geduld, je inzicht, je kritische feedback. Er is een wereld voor mij open gegaan.
Saad, Stam and Sean from FMRIB, thanks for sharing your experience and co-authoring 
the articles. 
Many thanks to professor Marianne Juhler and Morten Wibroe of the Nordic CMS study 
group for confiding in a fruitful collaboration.
Jos Dederen, dankzij jou kregen we de macrotoom aan de praat en konden we de 
Heidenhain-Woelcke kleuring maken. Dit resulteerde in 200 haarscherpe digitale coupes 
en twee hoofdstukken in dit proefschrift. Dank!
Jeroen, fantastisch dat jouw masterstage heeft geresulteerd in zo’n mooi artikel, een 
jaar Oxford en nu ook een promotietraject. Heel hartelijk dank voor je hulp, je inzet, je 
volharding.  
Studenten Kees-Jan, Oscar, Tom, Kirsten, Marleen, Colien, Mirjam, Richte, Jordy, Dhabia, 
Hisse, Susan, Dylan, Noortje en Bryan, de meetings met jullie werkten zo inspirerend en 
enthousiasmerend dat ik na een nachtdienst weer door kon. Door jullie deelprojecten 
kwamen we steeds een stapje verder in het onderzoek. Heel veel dank!
Dr. Peter van Rijen, beste Peter, je nodigde mij uit op OK om de epilepsiechirurgie beter 
te begrijpen toen ik onderzoek deed naar de visuele gevolgen hiervan. Ik was verkocht en 
ben geswitcht en zodoende sta jij aan de basis van een van de beste keuzes in mijn leven.
Oogartsen professor Dienke Wittebol-Post en dr. Giorgio Porro, hartelijk dank voor uw 
begeleiding tijdens mijn eerste academische stappen, en uw begrip toen ik overliep naar 
de neurochirurgie. 
Morbus en Backsi, wat hebben wij een prachtige tijd gehad als Summies. Avond aan avond 
in de bieb en daarna een biertje. Jullie introduceerden mij in de academische wereld en ik 
ben dan ook trots dat jullie naast mij staan als paranimfen!
Lieve vriendinnen, sorry sorry sorry dat ik er nooit was. Dank voor jullie luisterend oor, 
bemoedigende woorden, bewondering en trouw. Waar waren we gebleven..? 
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Genne en Loeki, Berend en Marjolein. Dank dat jullie mij zo hartelijk in jullie familie hebben 
opgenomen. Dank ook voor jullie niet aflatende interesse in mijn opleiding en onderzoek.
Lieve Rianne, Nicolet en Daan. Hoeveel ruzie we als kinderen soms hadden, des te beter 
kunnen we het vinden als volwassenen en daar ben ik heel, heel blij om. Bij jullie ben ik thuis.
Lieve Anna-Mirte, Yfke, Yarne, Sanne, Maaike, Rindert en Lisette, jullie zijn allemaal geboren 
in de tijd dat ik zo druk was. Jullie eerste stapjes, gekke bekken en verhaaltjes hebben steeds 
zoveel batterijen opgeladen! 
Lieve papa en mama, 15 jaar geleden zetten jullie mij voor het eerst alleen op de trein van 
Franeker naar Utrecht. Jullie gaven mij jullie normen en waarden en mentaliteit mee, die 
nodig waren op mijn reis door opleiding en onderzoek. Jullie waren het, bij wie ik altijd 
terecht kon, en die mij er op de cruciale momenten doorheen sleepten. Dankjewel voor 
jullie oneindige vertrouwen, liefde en support!
Lieve, lieve Ytsen. Ik heb nog nooit iemand ontmoet met zo’n scherp analytisch vermogen. 
Jouw fysische blik op mijn klinische werkelijkheid heeft het onderzoek naar een hoger 
niveau getild. Eigenlijk ben jij mijn promotor, copromotor en paranimf in één. Je bent mijn 
grootste fan maar ook mijn grootste criticus. Mijn side-kick, mijn klankbord. Alle bloed 
zweet en tranen heb je van dichtbij meegemaakt, opgevangen en weggeveegd. Je hebt mij 
alle ruimte gegeven die ik nodig had voor mijn opleiding en onderzoek. 
Nu is het klaar en gaan wij samen aan een volgend hoofdstuk beginnen!
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